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ADR has been shown to be a viable option for the treatment of painful degenerative lumbar 
degenerative disc disease. However, complications of this procedure include index level facet 
arthrosis. FEM and in-vitro studies have also shown alterations in the facet joints mechanics, as well 
as conflicting effects of implant position. It is hypothesized that posteriorly-positioned ADR will 
restore the intact biomechanics of the spinal joints at both the index (L4L5) and adjacent level 
(L3L4). 
6 cadaveric lumbar spines (L2-S1) were x-rayed and potted using PMMA. Pressure sensors 
were placed into the L3L4 and L4L5 facet joints to measure Facet Joint Contact Force/Pressure using 
Tekscan Sensor Model #6900, and reflective markers for Vicon motion capture were placed at the 
pars. The biomechanical testing protocol were performed on a MTS 858 Spine Tester by applying a 
torque of + 7.5 Nm at a continuous loading rate of 1.7 ˚/s about the three anatomic axes with a 
follower preload system at 280 N. L4L5 was selected for ADR implantation using a ProDisc-L 
implant with 10mm height. Facet joint ROM, rotations, translations, contact force and pressure data 
for L3L4 and L4L5 were captured simultaneously in four situations: intact spine, anteriorly-
positioned ADR, centrally-positioned ADR, and posteriorly-positioned ADR. Clinically, contact 
pressure (FJCP) and rotation are important parameters interpreted as facet joint pain and mobility 
respectively. Statistical analysis of the data using non-parametric test was performed using IBM 
SPSS Statistics v20. In addition, a model specimen was chosen to assess the possible relationship 
between the facet force and rotation and compensatory motion mechanism. 
At L3L4 & L4L5, the mean FJCP and rotation across the 6 planes of motion in all 3 ADR 
positions compared to the intact model were not significantly different from each other (p>0.05) 
except during lateral bending rotation where significant increase was observed between the intact, 
anteriorly and middle-positioned ADR group (p=0.028).When the Prodisc was placed posteriorly, a 
marginal decrease in the rotation and FJCP at the implanted level L4L5 was observed during 
extension (-11% & -33%) and flexion (-20% & -13%) respectively. The opposite trend in rotation 
was observed during lateral bending (14%) and axial rotation (31%) with a marginal decrease (-9%) 
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and increase in FCJP (19%) respectively. At L3L4 with the same posterior positioning of the 
Prodisc, a marginal decrease in rotation was observed during flexion (-21%) and axial rotation (-2%) 
while the opposite trend was observed for extension (23%) and lateral bending (1%). A marginal 
increase in FJCP was observed during extension (13%), flexion (34%) and lateral bending (50%) 
with a marginal decrease in FCJP observed during axial rotation (18%).  
 Overall, posterior ADR at L4L5 resulted in the closest facet joint rotation and contact 
pressure approximation of the intact spine model. The adjacent level facet joint was likewise 
conserved after posterior ADR.  However, an inverse effect between the implanted and the adjacent 
level parameters could be implied. Compensatory motion mechanism was observed which could 
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The spine is one of the most complex musculoskeletal structures in the human body 
and having a clear understanding its structure and biomechanics is necessary in the 
investigation of this project. The spinal column is segmented into five sections (cervical, 
thoracic, lumbar, sacrum and coccyx) and consists of 33 bones known as vertebrae with an 
intervertebral disc that separate each of the proximal-most 24 vertebral bones. This structural 














Out of the five sections, the lumbar vertebrae (L1 to L5), are the most frequently site 
associated with back pain. This is because these vertebral bodies, located in the region of the 
centre of body mass, and proximal to the pelvic ring,  carry the greatest proportion of body 
weight and hence is subjected to the largest forces, as well as stresses. Between each vertebral 
body is an integrated interaction between bone, ligaments, muscles and joint structures that 
provide a range of stability as well as mobility of the lumbar spine section (Figure 2). 
Figure 1: Anatomy of the 
Human Spinal Column 




Intervertebral discs are located between vertebral bodies. These discs are flat, 
rounded structures with tough outer rings of tissue, called the annulus fibrosis, and a  soft, 
white, jelly-like center, called the nucleus pulposus (Fig. 2). The intervertebral discs separate 
the vertebrae, acting as shock absorbers. 
Facet joints are found between each vertebral body located posteriorly. There are two 
sets of facets joints. The proximal set links the vertebral body to the adjacent proximal 
vertebra, while the distal set links it to the distal vertebra. The facet joints  help resist against 
lateral motions and axial rotation... The surfaces of the facet joints are covered with a smooth 













Segmental lumbar spinal motion involves the intimate interaction between the intervertebral 
disc and facet joints. Pathology in any one of these joints will correspondingly affect the other 
and has consequences on the overall lumbar spine mechanics, clinically presented as pain.  
 
Figure 3: Anatomy of the 
Human Lumbar Facet Joint 
Figure 4: Facet Joint characteristics in 
intact spine (Top) and after ADR 




1.1 STUDY HYPOTHESIS 
 
The hypothesis in this investigation is that the mechanics of the facet joints in 
resisting loads and maintaining stability plays an integral part the overall stability and 
kinematics of the lumbar spine section.  
It is also hypothesized that with an altered kinematics and kinetics of the 
posterior segmental spinal elements as in a disc degenerative disease (DDD), the 
introduction  of artificial facet joint replacement can restore some of the biomechanics 
with the intent of reducing the clinical presentation of pain (Figure. 4).  
The use of artificial disc replacement (ADR), as an option to restore the biomechanics 
in intervertebral disc disorders of the lumbar spine, has recently been reported with 
encouraging results. However, despite this promising outlook, the understanding of how the 
facet joint in-vitro functions and mechanics after ADR is limited and uncertain. This warrants 
this detailed investigation on the human lumbar facet joint before and after an artificial disc 
replacement.  
The main objective of this project was to determine the changes in facet joint 
mechanics brought about by implantation of an artificial disc replacement device at the 
implanted L4L5 and adjacent L3L4 levels. Specifically, the study investigates the facet joint 
forces/pressures over the physiologic range of motion on human cadaver multisegmental 
spines and correlates this to lumbar segmental kinematics for varying artificial device 
placements and position within the disc space.  
The alternative hypothesis is that posteriorly-placed artificial disc replacement 
(Prodisc II) restores the biomechanics (joint contact forces and range of motion) of the spinal 
facet joints at both the implanted L4L5 and adjacent L3L4 levels in a simulated disk 
degenerative disease. The significance of the results of this investigation will determine the 
optimal implantation position of the artificial disc that returns the biomechanics of the lumbar 
spine. The data will also be useful in the next step of the overall study, in validating FEM 
spinal models that can better predict lumbar kinematics and kinetics in other conditions.  
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2. LITERATURE REVIEW 
 
 
SEARCH STRATEGY: Given that this is a current topic of research PUBMEDTM was the 
main search engine used to retrieve the literature on the topic with the following main  
keywords used:   1) facet, 2) lumbar, 3) Prodisc.  









FEM STUDIES IN-VIVO / 
CLINICAL STUDIES 
IN-VITRO STUDIES TOTAL 
5 2 3 10 
 
Out of the 16 journal articles obtained from the combined search criteria 10 articles 
were found to be relevant to the research topic of interest. Of these, 5 were related finite 
element modeling studies (FEM), 2 were In-vivo/clinical studies while only 3 were in-vitro 
studies. 
CONTENT OF LITERATURE REVIEW 
 
The underlying basis of current artificial disc technology is that normal spinal 
kinematics and kinetics among the main spinal anterior and posterior elements will be 
restored, comparative to a normal intact spine. The limiting progression of spinal 
3) Prodisc 
2) Lumbar AND 3) Prodisc 
1) Facet AND 2) lumbar AND 3) Prodisc 
1) Facet AND 2) lumbar 









degeneration of the adjacent segment upon ADR has previously been hypothesized (VK Goel 
et al 2005). However, in-vitro studies looking into the effect of the position of Prodisc 
artificial disc on the mechanics (combined kinematics and kinetics) of the facet joint at the 
implanted (L4L5) and the adjacent (L3L4) levels have not been previously reported.  
IN-VITRO STUDIES 
 
1. Demetropoulos CK et al “Biomechanical evaluation of the kinematics of the cadaver 
lumbar spine following disc replacement with the ProDisc-L prosthesis” (SPINE 2010, 
Volume 35, Number 1, pp 26–31) 
 In this study, ten L3-L5 cadaveric spines were used to evaluate the biomechanics of 
ProDisc-L implanted at L4–L5. The location of placing the artificial disc was not recorded. In 
this report, the specimens were loaded with an axial torque of ±10 Nm with 200 N follower 
load to simulate flexion-extension, lateral bending and clockwise and anticlockwise axial 
rotation. The range of motion at the implanted L4L5 level and the adjacent Level L3-L4 and 
the intervertebral disc pressure at the L3-L4 level were measured. The report does not  record 
any facet contact forces at the implanted and adjacent levels albeit being the key concern in 
understanding if the disk replacement can recover the biomechanics of the lumbar spine. This 
report was therefore used as a base-line for our current study to further our understanding on 
facet joint biomechanics.  
 
2. Manohar Panjabi et al “Multidirectional Testing of One- and Two-Level ProDisc-L 
Versus Simulated Fusions” (SPINE 2007, Volume 32, Number 12, pp 1311–1319) 
This study used six T12-S1 cadaveric spines and compared the influence of the 
posterior longitudinal ligament when it was incised and released. The study had 5 groups: A) 
ProDisc-L inserted at L5–S1; B) fusion at L5–S1; C) ProDisc-L at L4–L5 and fusion at L5-
S1; D) ProDisc-L at L4–L5 and L5–S1; and E) 2-level fusion at L4–L5 to L5–S1. Similar to 
Demetropoulos et al (2010) a torque of ±10 Nm with 400 N follower load was then applied to 
the construct in flexion-extension, lateral bending and axial rotation simulated in the 
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segments. The report measured the intervertebral range of motion at the implanted level, 
fused level and studied the effect on the adjacent levels. Facet contact forces were not 
measured, but it made for a good comparative data set as the the Prodisc was implanted at L5-
S1, instead of the level of interest, L4-L5. 
 
3. Marc-Antoine Rousseau et al “Disc arthroplasty design influences intervertebral 
kinematics and facet forces” (The Spine Journal 6 258–266, 2006) 
This earlier report had twelve L5-S1 cadaveric functional spinal unit (FSU) spines 
used, divided into 3 conditions; 1) intact spine (before implantation); 2) six FSU spines 
implanted with Prodisc II; and 3) six FSU spines implanted with a another disk replacement 
device, SB Charité III. Similarly, the spine segments were subjected up to ± 6 ° in flexion-
extension and lateral bending with an 850N vertical force applied to simulate the 
physiological load (120% body weight). The instantaneous axis of rotation and facet joint 
forces measured using Tekscan Flexiforce A101-500 were limited to only one FSU and hence 




1. Thomas Zander, Antonius Rohlmann, Georg Bergmann “Influence of different artificial 
disc kinematics on spine biomechanics” (CLINICAL BIOMECHANICS 24 (2009) 135–142) 
This Finite Element Modeling of the L1-L5 with two artificial discs (Charité, ProDisc 
and Activ L) implanted at the L4-L5 level was simulated for flexion, extension, lateral 
bending, and axial torsion. The intervertebral rotations, the locations of the helical axes of 
rotation, the intradiscal pressures, and the facet joint forces were evaluated at the operated and 
adjacent levels, yet it was not reported how the implanted devices were positioned, this being 
a critical factor that would have an effect on the moment arms and moments and forces at the 
posterior spine. The study reported that after insertion of the artificial disc, intervertebral 
rotation was reduced for flexion and increased for the other range of motions  at the FSU level 
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of implantation. Increased facet joint contact forces were also predicted for the ProDisc 
during lateral bending and axial torsion but the two artificial discs had only a minor effect on 
the adjacent levels. It is important to note that this model becomes a good controlled study as 
a baseline and for comparison. The gaps that we hope to fill would be to understand the effect 
of the position of the Prodisc on the facet joint, which was not reported here.  
 
2. Sang Ki Chung et al “Biomechanical Effect of Constraint in Lumbar Total Disc 
Replacement” (SPINE 2009, 34(12), 1281–1286) 
In this study, the author modeled an L4-L5 FEM and the study was classified into 3 
conditions: 1) intact spine, 2) Prodisc (constrained AD) placed centrally and 3) Charite 
(Unconstrained AD). The FSU was subjected to a compressive preload of 400 N and 
moments of 6Nm to simulate Flexion/Extension, Lateral Bending and Axial Rotation. They 
measured the ROM, Facet Force, Ligament Force and Vertebral body and endplate stress. 
However, the adjacent level was not investigated but the study will provide some good 
comparison for my study. 
 
3. Shi-Hao Chen et al “Biomechanical comparison between lumbar disc arthroplasty and 
fusion” (Medical Engineering & Physics 2009, 31, 244–253) 
In this study, the author modeled an L1-L5 FEM and created 3 models: Intact, 
Prodisc II implanted at L3L4 anteriorly and bilateral posterior lumbar interbody fusion (PLIF) 
cages with a pedicle screw fixation system. The FEM model was subjected to a follower 
preload of 150 N and torque of 10 Nm to simulate Flexion/Extension, Lateral Bending and 
Axial Rotation. The output parameters were ROM, annulus stress, and facet contact pressure 
at the surgical (L3L4) and adjacent level (L2L3). In this study, the implanted level and 





4. Steven A. Rundell et al “Total Disc Replacement Positioning Affects Facet Contact 
Forces and Vertebral Body Strains” (SPINE 2008, 33(23), 2510–2517) 
Another FEM study4 looked into the effect of position of the artificial disc on the 
facet joint. A validated L3-L4 FEM spinal model was used and 3 groups were investigated 
namely: 1) intact spine, 2) Prodisc L inserted anteriorly and 3) posteriorly. Parameters like the 
range of motion (ROM) and Facet Force (FCF) were calculated after the FEM model was 
subjected to a follower load of 500 N and moments of 7.5 Nm about the 3 anatomic axes. It 
was observed that the overall ROM and FCF tended to increase with total disc replacement 
(TDR). The placement of the Total Disc Replacement (TDR) also affected the FCF and 
ROM. 
 
5. Antonius Rohlmann et al “Effect of Total Disc Replacement with ProDisc on 
Intersegmental Rotation of the Lumbar Spine” (SPINE 2005, 30(7), 738–743) 
In this study, L1-L5 FEM was modeled with the Prodisc implanted at L3L4. The 
parameters of interest were segmental rotation for the following conditions: (1) extent of 
natural disc removal, (2) implant location in an anteroposterior direction, (3) implant height, 
and (4) resuturing the ALL. The L1-L5 FEM was subjected to Flexion (30 deg), Extension 
(15 deg) & Axial Rotation (6 deg) with follower preload of 250 N. The level and the number 
of lumbar disc replacements were reported to influence postoperative outcome significantly 
(CJ Siepe et al 2007). Hence, due to the different morphology of the different spinals levels, 
L3L4 compared to L4L5 & L5S1 is not the most suitable implantation level as degenerative 
disc diseases is more prevalent in the lower levels. 
IN-VIVO STUDIES 
 
Relevant in-vivo studies of the effect of ADR on adjacent level degeneration and facet 
mobility have also been recently investigated. Retrospective sagittal radiographs were 
analysed with height loss at the adjacent segment and ROM for different implanted levels 
measured and correlated (Russel CH et al 2006). The other in-vivo study (Jiayong Liu et al 
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2006) instead looked at the in-vivo facet joint articulation and space variation with disc height 
measured on CT scan. Both studies showed a significant change in the parameters 
investigated. 
LIMITATIONS OF REVIEW AND CONCLUSIONS 
 
Based on the review above, the FEM and in-vivo/clinical studies provided interesting 
datasets to better understand the altered mechanics in the diseased model and the recovery of 
mechanics in the artificial device replacement models. In-vitro studies provide important 
yardstick as the other methods have limitations in simulating robust experimental models. The 
in-vivo methods have several limitations as only planar range of motion can be measured 
efficiently while facet contact force/ pressure have difficulty being measured accurately. 
Nonetheless, mathematical FEM spinal models are becoming useful tools in predicting the 
behavior of the facet joint mechanics, however the data required to simulate more accurate 
models that come close to the clinical situations are to date, lacking and often not consistency 
as the data of various mechanical properties and geometric properties vary from model to 
model. This of course increases the challenge in trying to validate specific models.   
From the literature search, 3 in-vitro, 2 in-vivo and 5 FEM studies looked at facet 
joint motion and forces in the lumbar spine. It is important to note that only 3 in-vitro studies 
were performed and in order to validate FEM and in-vivo data, more such studies have to be 
done. One possible reason as to the limitation of in-vitro investigation is due to limited 
availability of cadaveric specimens and the quality of the spine as most of spines available are 
osteoporotic due to age-related diseases.  
Hence, the question formulated in the hypothesis [Posteriorly-placed artificial disc 
replacement (Prodisc II) may restore the biomechanics (joint contact forces and range of 
motion) of the normal spinal joints at both the implanted L4L5 and adjacent L3L4 levels] is 
still valid and worth investigating based on the literature reviews. Consequently, this project 
looked into normal cadaveric Asian spines with a focus on facet joint mechanics. 
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3. RESEARCH PROJECT WORKFLOW 
 

























1. Preliminary Radiographic analysis of Facet Joint and 
Intersegmental Motion before and after ADR Using ProDisc II 
2. Implementation and Validation of a mathematical program to 
compute the intersegmental and interfacetal angulations and 
translations 
3. Feasibility test of the vicon cameras capture and the mathematical 
program using a sawbone model 
 4. Design, Fabrication and Testing of follower load systems 
to simulate physiological loading of the spine 
5. Experimental Testing Protocol & Setup 
-Specimen Preparation 
-Sensor Preparation 
-Biomechanical testing Protocol 
6. Kinetics & Kinematics investigations of the intact and 
implanted spine using motion capture systems and the 
calibrated sensors 
7. Processing and analysis of the data 





4. EXPERIMENTAL MATERIALS & APPARATUS 
 

















The Vicon MX motion capture system was used to determine the 3-D intersegmental 
motion (Rotations and Translations) of the facet joint at L3L4 and L4L5 levels. Data 
collection was fixed at 100 Hz. Orthogonally-arranged reflective markers are placed on each 
facet joint level and their 3-D motions recorded by the cameras. 
4.1.1 MX13 Cameras 
The cameras used in this project were the MX13 model with a resolution of 1.3 
Megapixels. Detailed features of the camera are shown below in Table 1.  
 
 
Figure 5: Basic Vicon MX Architecture 


























The MX Bridge provides the interface between Vicon MX cameras where it acts like 
an MX emulator transforming real-time images sent by these cameras to the grayscale format 
(Fig. 6). 
Table 1: MX camera performance with a focus 
on MX13 
Figure 6: MX Bridge Panel Hardware Figure 7: MX Net Panel Hardware 
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The MX Net, supplies power and communications for up to eight MX cameras (or 
alternative devices such as MX Control or MX Bridge units), and then passes that data back 
to either the host PC or an MX Link, which enables larger numbers of cameras to be used. 
The MX Net routes all communication to and from the host PC, and timing/synchronization 
signals to and from the MX cameras. 













The kit contains pieces for constructing the two types of required calibration objects 
(Static and Dynamic). Three-marker calibration wands (Dynamic Calibration): These are 
used to calibrate the cameras and define the volume of capture by waving the latter at a 
constant speed. The one used in this project is a 120 mm Wand Spacer Bar with 9 mm 
markers and handle. Static calibration object (Static Calibration): After the dynamic 
calibration is done, the static object is then placed in the calibrated volume. This is used to set 
the global coordinate system in the capture volume. The static calibration object with four 9.5 
mm markers of the same size is used in this project. Using the handle provided by the large 
rectangular hole in the plate, the object is placed in the field of view of at least three cameras 
Figure 8: Calibration Kit to calibrate 
the MX camera 
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in your capture volume. The adjuster screws are turned until the bubbles in the two spirit 
levels are in the center. 
4.1.4 Vicon Nexus + Bodybuilder Software 
 
Vicon Nexus is analytical software used primarily to calibrate the volume space and 
capture the data of the reflective markers placed on the spine. Nexus delivers all relevant 
information to the user in real-time, including metadata such as the system status, the 
subject’s movements and data from other devices such as force plates. The software 
reconstructs the 3D volume space and motion and builds a preview of the capture. This allows 
the user to decide whether there is a need to perform additional adjustment to optimize the 
subsequent captures. After the 3-D reconstruction is successfully completed, the Vicon file is 
then opened in Bodybuilder where the data can be further manipulated such as filtering and 
gap filling. The 3D coordinates of each marker can then be extracted and inputted into the 
mathematical program to  create the range of interest.  
4.2 Follower Load System 
 
The follower preload system allows the simulation of muscles forces on the lumbar 
spine into the experimental design. This allows the lumbar spine to support physiologic 
compressive preloads without damage or instability. The preload was applied using bilateral 
loading cables that were attached to the cup holding the L1/2 vertebra (Fig. 9). The cables 
passed freely through guides anchored to each vertebra and were connected to a hydraulic 
system under the specimen. The cable guide mounts allow anterior-posterior adjustments of 
the follower load path within a range of about 10 mm. The preload path was optimized by 
adjusting the cable guides to minimize changes in lumbar lordosis when the compressive load 

































Figure 9: Solidworks schematic of the follower load guiding 
system attached to the lumbar spine 
Figure 10: Prodisc design and 






The basic features of Prodisc II (Fig. 10) are Superior (Top) Endplate (CoCrMo 
alloy),Polyethylene Inlay (UHMWPE) and Inferior (Bottom) Endplate (CoCrMo alloy) 
The functions of the artificial disc are mainly to replace the degenerated disc, restore 
the functional biomechanics of the affected segment and disc normal height and reduce 
discogenic pain. There are two endplate sizes (medium and large) and three heights of the 
polyethylene component (10, 12, and 14 mm) commercially available. In this study, a fixed 
medium size endplate with a 10 mm UHMWPE Prodisc was chosen and implanted in the 
Asian cadaveric lumbar spines. 
4.4 MTS Mini Bionix 858 with spine tester module 
 
The MTS Mini Bionix 858 testing machine was used to simulate the physiological 
kinematics of the lumbar spine. The machine is made up of 3 sections namely the spine tester 
module, the x-y passive table and hydraulic piston found underneath the table which controls 
the follower preload force (Fig. 11). 
The spine tester module allows the spine to flex/extend, laterally bend and rotate 
which are the basic physiological motions of the lumbar spine. As such, it allows for 3 
degrees of freedom and is controllable by hydraulic systems and 3 transducers which can 
measure a maximum of ±20 Nm of torque along each axis of rotation. The passive x-y table 
allows the spine to adjust accordingly during the testing and reduce unnecessary shear and 
compressive forces which will render the spine motions non-physiological. It allows for 2 
degrees of freedom:  anterior/posterior and medial/lateral translations. The follower load 
hydraulic piston can accommodate up to 1200N of compressive and tensile force. In this 
experiment, the load was kept at 300N at all times and was continuously adjusted and 



















4.5 Tekscan Sensor 6900 & I-Scan System  
 
For measuring the facet contact loads, Tekscan I-Scan system (Software Rev. 5.1) 
equipped with 6900 sensors rated at 1100 PSI was used. This thin, flexible sensor has four 
independent sensing elements with each element consisting of an 11 by 11 grid with an area 
of 196 mm2 and spatial resolution of 62 sensels / cm2 (For more details refer to Fig. 12). The 
sensor was initially conditioned and calibrated before it was inserted into the facet joint. The 
data was collected at a frequency of 100 Hz similar to that of the Vicon system and MTS 
machine to ease matching of all data during analysis. 
Six human cadaver spines from our local Asian population were used in this part of 
the experiment. The spines were radiographically confirmed not to have any spinal 
irregularities and deformities at L4-L5 and L3-L4 segments. The lumbar spines (L2-S1) were 
then extracted from spinal column, with soft tissues and muscles removed leaving the 
Figure 11: Six degrees of freedom MTS Mini Bionix 858 with Spine Testing 
Module (Top Right) and customized x-y table with follower load hydraulic piston 
(Bottom Right) 
X-Y Passive Table 























4.6 Mobile X-Ray machine 
 
A Shimadzu mobile x-ray machine (Fig. 13) was used to: 
1) X-Ray the lumbar spine specimens and to confirm for any spinal abnormalities; 
2) To confirm the location of the artificial disc in the disc space upon dissection of the 
intervertebral disc at L4L5; and   
3) To locate the instantaneous centre of rotation at each level from the developed 
radiographs of the spine which is essential to guide and attach the follower system to 
each vertebral body. 
4) X-Ray Settings: Voltage: 65kV & Current: 6.3 mAs & Height of collimator: 100cm 













5. PRELIMINARY BASE-LINE STUDIES 
5.1. Radiographic analysis of facet joint and intersegmental motion after Artificial 
Disc Replacement (ADR) using ProDisc II 
 
Introduction: This investigation involved the digitization of  2D radiographs of patients from 
a local population to obtain anatomical measurements to establish a preliminary 
understanding about the mechanics of the human facet joint. The specific aim of this study 
was based on the hypothesis that the artificial disc replacement (ADR), ProDisc II, imposes a 
fixed centre of rotation (COR) for segmental flexion and extension, and may cause facet joint 
impingement at the extreme ranges of motion. This preliminary study analysed the 
intervertebral disc space height (DH) in the L4-L5 segmental motion after ADR, with respect 
to relative range of motion (ROM), COR and facet joint translation. (Refer to APPENDIX 1 
for details of the protocol)  
Material & Methods: A total of 13 standing lateral radiographs of the lumbosacral spines 
were obtained from the Computerized Patient Support System (CPSS) of the National 
University Hospital. These were in the extension, neutral and flexion positions and were 
classified according to into three clinical models: (a) DDD (Degenerative Disc Disease), (b) 
Figure 13: Shimadzu MobileArt X-Ray machine + lumbar spine AP & Lateral x-
ray images (Right) 
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Artificial Disc Replacement (ADR) at 6-month postoperative period and (c) normal with no 
history of L4L5 DDD or facet arthrosis. For models (a) and (b), the same 5 subjects were 
assessed pre-operatively (model (a)) and at 6-months post-operatively (model (b)). Another 8 
patients for the normal group were selectively chosen based on radiographic clarity.  All 
radiographs were digitised and later analysed using the Adobe Photoshop v7 software.  
Results: The mean Disc Height (DH) of the normal and DDD-models were similar, whereas 
the ADR-group was greater by at least 27% in all 3 positions. The mean overall ROM of all 3 
groups was similar however flexion after ADR was twice that of the others. There is 
consistency in all 3 groups for mean facet translation but was greater by 5-23% in the ADR-
group. The locus of CORs of the normal-group was located within the posterior third of the 
L4L5-disc while that of the DDD-group was scattered. In the ADR-group, the locus of CORs 
on extension was along the posterior-superior edge of L5 while COR on flexion was along the 
anterior implant-bone interface at L5. (Refer to APPENDIX 1 for details of the study) 
Discussion: It was observed that ADR results in a global increase in disc space height, 
posterior and cranial facet joint translation and deviations in the CORs on extension, neutral, 
and flexion.  
5.2 Implementation and validation of a mathematical program 
5.2.1 Implement a mathematical program using Labview 7.1 to compute the 
intersegmental (intervertebral) and interfacetal angulations and translations 
The aim of this step was to develop a mathematical derivation of the Joint Coordinate 
System (JCS) based on the International Society of Biomechanics (ISB) Convention, 2002 
(refer to APPENDIX 2).  This coordinate convention system provides a clear framework for 
defining  the orientation of the joint coordinate axis system. Using the Floating Axis 
principle, the algorithm for the JCS was developed using Labview v7.1 (Labview ® 2004 
National Instruments), and this was subsequently used to compute the segmental kinematics 
of the lumbar spine in the main experiment when assessing the interfacetal joint angulations 
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(flexion/extension, Right/Left lateral bending and clockwise/anticlockwise axial rotation) and 
translations (Right/Left mediolateral, anterior/posterior and cranial/caudal translations).  
5.2.2. Validate the mathematical program using a Solidworks Lumbar Functional 
Spinal Unit (FSU) model 
To test and validate the 3D kinematics of an in-vitro human lumbar spine in pure and 
coupled motion, an anatomically-relevant SolidWorks® model was developed. (Fig. 14) 
Calculations were done using the Labview algorithm mentioned earlier. The model was 
concurrently developed with the algorithm and became the baseline for an accuracy/reliability 
test. Both the facet and interbody joint were considered in unison. The whole model was 
based on the interbody joint and the left and right zygapophysial joints of a single Lumbar 
Functional Spinal Unit (FSU) which allowed measurements of  the 6-degrees of freedom (3 













The mathematical derivations of the JCS using Labview 7.1 were validated using the 
Solidworks® model. The flowchart below gives an overview of the procedures involved in the 
validation process. 
Figure 14 - SolidWorks Lumbar spine Functional Spinal Unit model with 












Validation Protocol: To simulate physiological motions for both pure and coupled motions on 
the FSU model, the following protocols were used:  
I) For pure motion; A) Flexion/Extension [α] (0→±10°), B) Lateral bending [β] 
(0→±8°) and C) Axial Rotation [φ] (0→±8°);  
II) For coupled motions; A) Flexion/Extension (0→±10°) and Lateral Bending 
(0→±8°) [α/β], B) Lateral Bending (0→±8°) and Axial Rotation (0→±8°) 
[β/φ] and C) Flexion/Extension (0→±10°) and Axial Rotation (0→±8°) [α/φ] 
were simulated. 
The 3D global coordinates of the vertebral body markers on the FSU model were 
obtained using the Measure Tool available from the Solidworks® software (a tool that gives 
the 3D coordinates of a point marker in space with reference to a global coordinate system). 
The midpoint of the right and left vertebral body markers were then computed and the 
resulting marker positions used as reference to represent each of the vertebral body of the 
FSU. These global marker coordinates were then entered into the JCS mathematical 
derivation, in order to derive the segmental angulations and translations of the superior 
vertebrae relative to the inferior vertebrae. The kinematics data from the JCS mathematical 
derivations and the baseline FSU model during both pure and coupled motions were then 
compiled and an error analysis performed to verify the reliability of the implemented JCS as 
well as the FSU model as a validation tool. 
Design Solidworks Model & Implement Labview program 
Input into program implemented using Labview 7.1 to derive intersegmental 
angulation and Translation for both facet and interbody joint 
Collect global coordinates of markers under controlled 
known motion from solidworks  
Tabulate and compare the results from the Labview 
Program & Solidworks Model 
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Validation Results: For pure motion, the mean relative angulations error during α, β and φ 
were -0.01+0.03%, 0.01+0.03% and 0.02+0.01%, respectively. The corresponding maximum 
relative translation errors for mediolateral [S1], anterior/posterior [S2], and caudal/cranial 
[S3] were zero, 0.28+0.13% and 0.22+0.07% respectively. For coupled motion, the mean 
relative angulations error during α/β, β/φ and α/φ were 0.97+0.32%, 0.23+0.08%, and -
0.72+0.24%, respectively. The corresponding maximum S1, S2, and S3 relative translation 
errors were zero, -0.97+0.32%, and 0.57+0.20% respectively.  
Validation Conclusion: The results demonstrated a negligible difference (less that ±1% 
relative error) between the Solidworks® model and the Labview mathematical derivation of 
JCS during pure and coupled motions. This confirmed the reliability of JCS model for 
determining 3D spinal kinematics.  
 
5.3. Follower Preload Design, Fabrication and Testing 
The aim of the preliminary test was to establish the follower preload design. The 
follower load was introduced to lumbar spine biomechanics models as the earlier 
conventional axial compressive loads to simulate body weights was not found to be 
physiological in nature (A.G. Patwardhan et al 1999).  The purpose of the follower load was 
to simulate muscle forces that closely represent in-vivo conditions to stabilize the lumbar 
spine. To add this to our experimental design 3 designs of the follower preload guiding 
system were developed, fabricated and assessed to ensure easy, reliable and effective setups 









DESIGN 1 (U-Bracket) and DESIGN 2 (L-Bracket Guide and Holder) 















Adjustable bracket. Hence, 
cable can be properly adjusted 
to coincide with COR 
For each specimen, due to the 
variation in their size, the holder has 
to be customized for each and every 
specimen and level. 
 3 points contact on each level 
of the spine (stable setup) 
Have to mill, cut and do some cold 
working on holder before it can be 
placed on the vertebral body. Hence, 
very time consuming 
 Since asian lumbar spine are 
comparatively smaller , the holder has 






Easy to machine (No milling 
required) 
Aluminum (even though good strength 
and malleable) used as holder and 
stainless steel as eye bolt.  
Need to ensure that material strong 
enough to withstand the tension in the 
cables and wear produced by the 
stainless steel bolt 
Bracket with adjustable eye 
bolt (cable guide) to ensure 
that cable coincide with COR 
Small and independent of size 
of specimen. Hence, the holder 
can be mounted on different 
size lumbar spines 
No translation of the eye bolt possible 
even though COR is mobile during 
physiological motion 
2 points in contact with bone 
(2 screws) to reduce 
undesirable moment when 
load is applied 
Due to the curvature of the vertebral 
body, placement repeatability in other 
specimens is difficult 
 
DESIGN 1 (U-Bracket 
Guide/Holder) 
DESIGN 2 (L-Bracket Guide/ Holder) 
 
Figure 15: Two experimental follower 
load guiding systems (Design 1 & 2)  
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Given the cons outweighing the pros of these two 2 designs, a 3rd design was 
developed which allows for translation of the “eye” component, repeatable placement 
irrespective of the curvature of the vertebral and adjustment irrespective of the size of the 
spine. 
 
DESIGN 3 (Final Bracket/Guide Design) 















RATIONALE OF FINAL DESIGN: This design allows the lumbar spine to support 
physiologic compressive preloads without damage or instability during experimentation. The 
preload is applied using bilateral loading cables that are attached to the cup holding the L1/2 
vertebra. The cables which pass freely through guides are anchored to each vertebra and 
connected to a loading hanger under the specimen. The cable guide mounts allows anterior-
posterior adjustments of the follower load path within a range of about 10 mm. The preload 
Figure 16:  Fabricated follower load guiding 
system attached to cadaveric lumbar spine 
26 
 
path can be optimized by adjusting the cable guides to minimize changes in lumbar lordosis 


































Leonard I. Voronov et al “L5 – S1 Segmental Kinematics After Facet 
Arthroplasty” SAS JOURNAL 2009 03(02) 
F.M. Phillips et al.”Effect of the Total Facet Arthroplasty System after 
complete laminectomy-facetectomy on the biomechanics of implanted and 
adjacent segments” The Spine Journal - (2008) 
Figure 17:  Published follower preload systems to 
simulate the physiological loading of the lumbar spine 
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Apart from the follower designs, 4 possible setups to enable the transmission and 
control of this force to the lumbar spine were also investigated (Refer to APPENDIX 4). 
















 This final setup has a hydraulic piston at the bottom of the base to simulate the 
physiological loading on the spine and allows a constant loading mechanism to be 
maintained. In addition, the base of the system is equipped with a passive x-y table which 
prevents unwanted shear forces from building up on the spine when the latter is moving. This 
closed loop physiological loading system replicates more closely the actual in-vivo conditions 
of the lumbar spine. 
 
 
Figure 18:  Lumbar spine equipped and mounted on the MTS testing 
machine with the follower preload system, markers and sensors and 
force diagram to show load transmission through Disc COR (Top left) 
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5.4 Sensor Preparation and setup to investigate the kinetics of the Facet Joints. 
(Interface material preparation, sensor conditioning and calibration & Accuracy 
test) 
 
To measure the kinematics (pressure, force and area) of the facet joints, Tekscan I-
Scan pressure sensors with #6900 maps were used (Fig. 19). The thin and small pressure 
sensor were  inserted into the L3-L4 and L4-L5 facet joints and the kinetics measured and 
compared for both intact, anteriorly, centrally and posteriorly-placed groups. The calibration 
of the sensors was to ensure repeatability and accuracy of the facet loads measured by the I-
scan #6900 sensors (D.C Wilson et al 2006). The calibration of the sensor is described below 



















Figure 19: The Tekscan sensor # 
6900 with 4 individual strips 
and the handle used as the 


















The Interface Material  
  A material having similar compliance as the cartilage to be used in the 
calibration process was first assessed and tested (Mechanical testing protocol for interface 
materials). Three materials were assessed and compared to human articular cartilage. These 
were White RTV Silocone Sealant, Black Rubber and Shinetsu KE1300T Silicone Rubber.  
The materials were tested as follows:  
1. 5 cycles for preconditioning (up to 50% compression at a loading rate of 11mm/min)  
are subjected to each material using a material testing machine (Instron 5543) 
2. Using an optical method (Digital Camera with a 10x zoom), the transverse and 
longitudinal strain are recorded 0, 25, 30 & 50 % compression to determine the 
Poisson Ratio, v ( - ε transverse (x) / ε longitudinal (y) ) 
Figure 20: Flowchart of the methodology used to prepare and test 
the sensor to ensure a reliable and repeatable measurement 
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3. An additional 3 loading/unloading cycles (with similar preconditioning conditions as 
above) are applied to the materials to determine the stress/strain characteristic curves 















The comparison of the mechanical properties for the interface materials (Table 2) 
showed that the closest match was the Black Rubber and this was used to calibrate and test 
the performance of the sensor. 
 Material Mean(SD) Elastic Modulus, E (GPa) Mean (SD)Poisson's Ratio, v 
Human Articular Cartilage 0.011  0.4  
White RTV Silicone 
 
0.00308(±0.0015) 0.4 - 0.5(± 0.05) 
Black Rubber 0.00875(±0.0032) 0.4 - 0.5(±0.02) 
Shinetsu KE1300T Silicone 
 
0.00598(±0.0025) 0.4 - 0.5(±0.03) 
 
 
Figure 21: Compression test at 0, 30 & 50 % with interface material mounted 
onto a testing machine (Instron 5543) to determine the Poisson ratio   
Table 2: Summary Table of the Mean (SD)Tangential/Elastic Young 




Sensor Preparation (Conditioning and calibration) 
The interface material was shaped in two individual 35mm (Length) x 35mm (Width) 
x 1.5mm (Thickness) mould. The Tekscan 6900 I-Scan sensor (1100 PSI rating) was inserted 
in between the black rubber and aluminium plates and prepared according to manufacturer’s 
recommendation. The sensor was first conditioned 5 times at 120% of the expected load 
(240N) followed by an equilibration of 240N in between Aluminium-black rubber interface 
(to simulate bone-cartilage joint interface) mounted on an Instron 5543 testing machine.  
Following the manufacturer’s recommendations, the sensor was calibrated in two 
different methods: Linear Calibration and 2-Point Calibration. Using the I-Scan software, the 
Linear Calibration profile was acquired by loading the sensor at 80% of the maximum 
expected load while the 2-Point Calibration profile was obtained by applying loads at 20% 
and 80% of the maximum expected load respectively. Examples of the calibration profiles 
were illustrated in Figure 25. To minimize the effects of drift in the sensor, the author adopted 
the manufacturer’s recommendation to perform the sensor calibration in a time frame similar 
to that which will be used to record the experimental data for all of the experiments in this 
thesis. The frequency of the time frame was set to 20 frames per second and the time frames 
used in the study were in the range between 50 to 60 frames to facilitate allowance for human 
reaction time.  In addition, caution was taken to ensure that the sensels were not saturated 
(appear red in the contact area) to prevent any loss of information during data collection.  
On the other hand, the loading on the specimens for each experiment was allowed to 
stabilize for 5 seconds prior to any data collection to reduce the amount of change in the 
sensor response due to repeated loading and unloading 
The procedures of the Calibration method were shown in Figure 22 below. Note that 

























ACCURACY TEST  
Firstly, four pairs of cadaveric facet joints were separately harvested, dissected and 
trimmed with the capsular ligaments and capsule removed. Each of the superior and inferior 
facet joints was separately potted in dental PMMA so that both the superior and inferior joints 
can meet each other at a relatively flat surface to allow the facet joint to be loaded 





Figure 22: Example of the potential synthetic interface materials used and the 



















 After potting was completed, the sensor was then inserted in between the potted joints 
for conditioning and calibration (Figure 23) before the commencement of the accuracy test. 
The setup was mounted on an Instron testing machine where perpendicular known forces of 
40, 80, 120, 160 and 200N were applied for a maximum expected load of 200N. 
Intermediate rests of two minutes between loadings were adopted to allow viscoelastic 
recovery of the articular cartilage. The force from the machine (known applied force) was 
then compared with the calibrated force measurements for both Linear and 2-Point 
Calibration and the respective Force Measurement Errors (Eforce) were computed for each case 
using the following formula: 








Figure 23: Specimen preparation process and accuracy testing of the sensor 
inserted in between the potted facet joints 
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 Where FIscan is the I-Scan measurement of force and 
Floadcell is the Instron load cell measurement of force. 
Accuracy test is important in order to ensure that the force output from the sensor 
after calibration is reliable. This was done by analyzing the force measurement error relative 
to an Instron force measuring machine and the interface material and calibration methods 












Based on our accuracy results, the Linear and 2-point calibration are not statistically 
significant and different from each other. The relatively high force measurement error and 
standard deviations though could be due to the elastic deformation of the material with time 
when performing continuous compression test especially at higher loads hence possibly 
affecting the elastic behavior of the material. However, based on a previous study (DC 
Wilson et al 2006), where a different interface material and lower loading range were used,  
Linear Calibration yield a more accurate results as compared to 2-Point calibration and hence 
the choice of Linear calibration was adapted for this study. 
Figure 24: Graph depicting the force measurement errors when comparing the 
Instron machine and the sensor at 40, 80, 120, 160 & 200N 
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6. Main Experimental Protocol & Setup 
6.1 Specimen Preparation 
Six human cadaver lumbar spines (L2-S1) without any radiological abnormalities 
were first stored at -10°C upon harvesting (Donors Age Range: 60-80 years old & Gender: 4 
males & 2 females). On the day of the experiments the cadavers were thawed overnight and 
prepared by meticulously removing muscular tissue (skin, fascia and muscle) while keeping 
the ligamentous elements intact (These include the Anterior Longitudinal Ligament (ALL), 
the Posterior Longitudinal Ligament (PLL), the Interspinous Ligament (ISL) and the 
Supraspinous Ligament (SSL)). Bilateral capsulotomies of L3L4 and L4L5 facet joints were 
done for access to tekscan sensor placement. Subsequently, the superior endplate of the L2 
vertebrae and inferior endplate of S1 vertebrae were secured to horizontally-aligned metal jigs 
using Polymethyl methacrylate (PMMA) while ensuring that that the superior endplate of L4 













The follower preload guiding system was incorporated into the experimental set-up 
(Fig. 26). Adjustable guides were attached bilaterally on L3–L5 vertebral bodies and 
Figure 25: Schematic of the superior and inferior 
level potted with PMMA with L4 as a guide 
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radiographs were used to guide and correctly position the L-shape guides and cable to ensure 
that the it followed closely the tangent of the lumbar curve and gave a more accurate  the 
alignment to the centre of rotation. Once the guides were  inserted and adjusted accordingly, 
the intact specimens were wrapped with a saline-soaked gauze maintain a hydrated condition.  
 
A summary of the procedures to attach the guides were as follows: 
1. Identify the centre of each vertebra and Intervertebral Disc (IVD) in the sagittal plane 
using x-ray machine as a guiding tool 
2. Attach the follower guide system at L3, L4 and L5 vertebral body ensuring the centre 



















Figure 26: The lateral and anterior view 
of the follower load system mounted on 
the lumbar spine (right) are shown and 
x-ray used for guidance purpose (left) 
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The implantation of the artificial disc (PRODISC) sizing and adjustment of  height in 
all specimens were  performed by the same experienced spine surgeon (Fig. 27). The intact 
disc first underwent a partial discectomy using special spine instrumentation sets similar to 
that used in the Operating Theatre (OT) after which the artificial disc is implanted. The 
surgical and implantation procedures are similar to those practiced in the OT. In addition, the 
position of the implant was identified (anterior, middle and posterior placement) and 
confirmed radiographically. (See APPENDIX 5 for details) 
 
6.2 Biomechanical Testing 
 
The output kinematics and kinetics variables of interest were the inter-facet 
angulations, translations, range of motions and the inter-facet forces respectively. Levels L4-
L5 was chosen for the Artificial Disc Replacement (ADR) using Prodisc II. The effect of the 
position of the disc on the facet joint at levels L3-L4 and implanted L4-L5 was investigated 
 
This experiment was divided into 4 groups (Fig. 29): Group 1 - Normal (intact intervertebral 
disc), Group 2- Anteriorly-placed ADR (Anterior of disc flushing with anterior of vertebral 
Figure 27: The artificial disc (PRODISC) inserted into the disc 
space after the disc has been dissected and instrumented 
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body), Group 3- Middle/ centrally-placed ADR (disc implanted in a central position) & 











Placement of markers and sensor 
Three sets of 4 orthogonal 5-mm diameter markers, separated 1-cm apart were placed 
on the right side of the articular facet. For the superior facet joint, the markers were placed on 
the protruding bony surface, anatomically described as the pars interarticularis. For the 
inferior facet joint, the markers were placed midway along the curvature between the pars 
interarticularis and transverse process. The Tekscan Sensor was inserted into the partially 
dissected facet joints (right and left L3L4 and L4L5 facet joints) with synthetic joint lubricant 
used to facilitate the insertion into the narrow joint space. The protruding edge of the sensor 








Figure 28: The lateral x-ray of the specimen in the intact (Group 1) and all 3 ADR 
















The follower load system, sensor and reflective markers were then adapted to the 
specimen, and the whole setup mounted on the MTS 858 Spine tester. For flexion-extension, 
lateral bending and axial rotation, a torque of + 7.5 Nm, at a continuous loading rate of 1.7 
degree/second, was applied. The follower preload of 280 N was used as recommended by 
Rohlmann et al (2001). The specimens were constantly hydrated using saline water. All 
specimens were subjected to 3 continuous cycles with the 1st two cycles used for 
preconditioning. Each load step was applied for 30s period to minimize the viscoelastic creep 
behaviour. Only the 3rd cycle data was recorded and considered for analysis. 
 The motion of the markers was monitored using four Vicon MX cameras while the 






Figure 29: The custom-made locking mechanism to stabilize the sensor and the 







































Figure 30: The specimen mounted on the MTS 858 with spine testing module 
and follower load system together with Vicon Cameras and Tekscan sensor 





Facet Kinematics Results (Intersegment Angulations, Translations and Whole Segment Range 
of Motion) & Facet Kinetics Results (Intersegment Contact Force) 
STATISTICAL TESTS (See APPENDIX 7 for details) 
Statistical tests were used to separately compare each of the three individual ADR 
groups (Experimental Groups) against the Intact group (Control Group) at a 95% confidence 
interval and at p<0.05 level of statistical significance with a sample size of 6. The original 
data first underwent a log e transformation to derive and compare the geometric mean rather 
than the arithmetic mean which is a common practice in many epidemiological studies. If an 
arithmetic mean was used instead of a geometric mean, the outcome and error is given more 
weight so that a small percentage change makes a much larger difference in the arithmetic 
mean. The use of a geometric mean "normalizes" the ranges being averaged, so that no range 
dominates the weighting, and a given percentage change in any of the dependent variable has 
the same effect on the geometric mean. Thus, all statistical analysis was based on the log-
transformed data and all final results are therefore presented as the geometric mean and 







1) An assessment of the normality of the data is a prerequisite for statistical tests as 
normal data is an underlying assumption in parametric testing. There are two main methods of 
assessing normality – graphically (visual inspection using Q-Q plots) and numerically 
(statistical test using Shapiro-Wilk Test). If the Significant value of the Shapiro-Wilk Test is 
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greater the 0.05 then the data is normal while if it is below 0.05 then the data significantly 
deviate from a normal distribution. There was mixed results from the processed data based on 
the Normality test and due to the small sample size, the overall data was treated as not having 
a normal distribution.  
2) Based on the experimental design, the data was analyzed using The Friedman 
Test which is the non-parametric alternative to the one-way ANOVA with repeated measures. 
It is used to test for differences between groups when the dependent variable being measured 
is a continuous data that has violated the assumptions necessary to run the one-way ANOVA 
with repeated measures.  
Assumptions 
• One group that is measured on four different occasions. (Intact, Prodisc placed 
anteriorly, Middle and Posteriorly) 
• Group is a random sample from the population. 
• One dependent variable that is either ordinal, interval or ratio  
• Samples do NOT need to be normally distributed. 
The result of the Friedman Test provides the test statistic Chi-square value, degrees of 
freedom and the significance level.  
If the significance level from the Friedman Test is p< 0.05, in order to examine where the 
differences actually occur, post-hoc tests need to be run with separate Wilcoxon Signed-
Rank Tests on the different combinations of related groups. So, in this example, you would 
compare the following combinations: 1) Intact to Anterior ADR, 2) Intact to Middle ADR, 3) 
Intact to Posterior ADR.  
A Bonferroni adjustment on the results from the Wilcoxon tests, for multiple comparisons, 
was used which makes it more likely to declare a result significant when it is not (a Type I 
error) by simply dividing the initial significance level (in this case 0.05) by the number of 
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running tests. This means that if the P value is larger than 0.017 then the results do not have a 
statistical significance. 
7.1  FACET JOINT ANGULATION/ROTATION 
(ADJACENT (L3L4) & IMPLANTED LEVEL (L4L5)) 
The mean inter-facet rotation is the relative rotation of each pair of facet joint 
segment (adjacent level L3L4 & Implanted level L4L5). Right and left lateral bending; and 
clockwise and counterclockwise axial rotation are mirror images for each respective pair of 

















No statistically significant change in the facet rotation was observed during Extension, 
Flexion, Lateral Bending & Axial Rotation irrespective of the positioning of the artificial disc 
compared to the intact model at the adjacent level L3L4 (p>0.05). 




Extension: Upon replacing the intervertebral joint with the artificial disc, the overall trend in 
the rotation of the facet joint during extension at the adjacent level L3L4 marginally increased 
compared to the intact model. The lowest marginal increase in facet rotation was by about 
23% and was observed when the artificial disc was placed posteriorly compared to the intact 
group while the highest marginal increase was observed when the disc was placed centrally 
by about 42%. Hence, when the disc is placed posteriorly, the facet rotation during extension 
is closer to the intact model. 
Flexion: On the other hand, upon replacing the intervertebral joint with the artificial disc, the 
overall trend in the rotation of the facet joint during flexion at the adjacent level L3L4 
marginally decreased compared to the intact model. The lowest marginal decrease in facet 
rotation was by about 5% and was observed when the artificial disc was placed 
anteriorly/centrally compared to the intact group while the highest marginal decrease was 
observed when the disc was placed posteriorly by about 21%. Hence, when the disc is placed 
anteriorly/centrally, the facet rotation during flexion is closer to the intact model. 
Lateral Bending: Upon replacing the intervertebral joint with the artificial disc, the overall 
trend in the rotation of the facet joint during lateral bending at the adjacent level L3L4 
marginally decreased compared to the intact model. The lowest marginal decrease in facet 
rotation was by about 1.5% and was observed when the artificial disc was placed posteriorly 
compared to the intact group while the highest marginal decrease was observed when the disc 
was placed anteriorly by about 16%. Hence, when the disc is placed posteriorly, the facet 
rotation during lateral bending is closer to the intact model. 
Axial Rotation: Upon replacing the intervertebral joint with the artificial disc, no overall trend 
in the rotation of the facet joint during axial rotation at the adjacent level L3L4 was observed 























No statistically significant change in the facet rotation was observed during Extension, 
Flexion & Axial Rotation irrespective of the positioning of the artificial disc compared to the 
intact model at the implanted level L4L5 (p>0.05). 
However, statistical significance in the facet rotation was observed during lateral bending 
between 2 groups namely: Intact v/s Anterior ADR (p=0.028< 0.05) & Intact v/s Middle ADR 
(p=0.028<0.05). One possible implication could be that during lateral bending, the facet joint 
rotation is more active compared to the intact model. 
 
Trend 
Extension: Upon replacing the intervertebral joint with the artificial disc, the overall trend in 
the rotation of the facet joint during extension at the implanted level L4L5 marginally 
Figure 32: The mean inter-facet rotation at L4L5  
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decreased compared to the intact model. The lowest marginal increase in facet rotation was 
by about 11.5% and was observed when the artificial disc was placed posteriorly compared 
to the intact group while the highest marginal increase was observed when the disc was 
placed anteriorly by about 32%. Hence, when the disc is placed posteriorly, the facet 
rotation during extension is closer to the intact model. 
Flexion: Similarly, upon replacing the intervertebral joint with the artificial disc, the overall 
trend in the rotation of the facet joint during flexion at the implanted level L4L5 marginally 
decreased compared to the intact model with the exception of one group (Middle ADR) where 
a marginal increase was observed. The lowest marginal decrease in facet rotation was by 
about 5% and was observed when the artificial disc was placed posteriorly compared to the 
intact group while the highest marginal increase was observed when the disc was placed 
anteriorly by about 23%. Hence, when the disc is placed posteriorly, the facet rotation 
during flexion is closer to the intact model. 
Lateral Bending: On the other hand, upon replacing the intervertebral joint with the artificial 
disc, the overall trend in the rotation of the facet joint during lateral bending at the implanted 
level L4L5 significantly increased (p<0.05) compared to the intact model. The lowest 
marginal increase in facet rotation was by about 13.5% and was observed when the artificial 
disc was placed posteriorly compared to the intact group while the highest significant 
increase was observed when the disc was placed anteriorly by about 54%. Hence, when the 
disc is placed posteriorly, the facet rotation during lateral bending is closer to the intact 
model. 
Axial Rotation: Similarly, upon replacing the intervertebral joint with the artificial disc, the 
overall trend in the rotation of the facet joint during axial rotation at the implanted level L4L5 
marginally increased compared to the intact model. The lowest marginal increase in facet 
rotation was by about 10.7% and was observed when the artificial disc was placed centrally 
compared to the intact group while the highest significant increase was observed when the 
disc was placed posteriorly by about 31%. Hence, when the disc is placed centrally, the facet 
rotation during axial rotation is closer to the intact model. 
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7.2 FACET JOINT RANGE OF MOTION (ROM) 
(ADJACENT (L3L4) & IMPLANTED LEVEL (L4L5)) 
The mean range of motion is defined as the combined range of motion from extension 
to flexion, from left to right lateral bending and from clockwise to anticlockwise axial rotation 

















No statistically significant change in the facet range of motion (ROM) was observed during 
Extension, Flexion, Lateral Bending & Axial Rotation irrespective of the positioning of the 
artificial disc compared to the intact model at the adjacent level L3L4 (p>0.05). 
Trend 
Combined Flexion-Extension: Upon replacing the intervertebral joint with the artificial disc, 
the overall trend in the ROM of the facet joint during combined flexion-extension at the 
Figure 33: The Mean inter-facet Range of Motion at L3L4  
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adjacent level L3L4 marginally decreased compared to the intact model. The lowest marginal 
increase in facet ROM was by about 5% and was observed when the artificial disc was placed 
anteriorly compared to the intact group while the highest marginal increase was observed 
when the disc was placed centrally by about 9.7%. Hence, when the disc is placed anteriorly, 
the facet ROM during combined Flexion-extension is closer to the intact model. 
Combined Lateral Bending: Similarly, upon replacing the intervertebral joint with the 
artificial disc, the overall trend in the ROM of the facet joint during combined lateral bending 
at the adjacent level L3L4 marginally decreased compared to the intact model. The lowest 
marginal decrease in facet ROM was by about 1.1% and was observed when the artificial disc 
was placed posteriorly compared to the intact group while the highest marginal decrease was 
observed when the disc was placed anteriorly by about 16.7%. Hence, when the disc is 
placed posteriorly, the facet ROM during combined lateral bending is closer to the intact 
model. 
Combined Axial Rotation: Similarly, upon replacing the intervertebral joint with the artificial 
disc, the overall trend in the ROM of the facet joint during combined axial rotation at the 
adjacent level L3L4 marginally decreased compared to the intact model. The lowest marginal 
decrease in facet ROM was by about 1.5 % and was observed when the artificial disc was 
placed posteriorly compared to the intact group while the highest marginal decrease was 
observed when the disc was placed anteriorly by about 13.4%. Hence, when the disc is 









































No statistically significant change in the facet Range of Motion (ROM) was observed during 
combined Extension-Flexion & Axial Rotation irrespective of the positioning of the artificial 
disc compared to the intact model at the implanted level L4L5 (p>0.05). 
However, statistical significance in the facet ROM was observed during combined lateral 
bending between 2 groups namely: Intact v/s Anterior ADR (p=0.028< 0.05) & Intact v/s 
Middle ADR (p=0.028<0.05). One possible implication could be that during lateral bending, 
the facet joint ROM is more active compared to the intact model. 
Trend 
Combined Flexion-Extension: Upon replacing the intervertebral joint with the artificial disc, 
no overall trend in the ROM of the facet joint during combined flexion-extension at the 
implanted level L4L5 was observed compared to the intact model. 
Figure 34: The Mean inter-facet Range of Motion at L4L5  
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Combined Lateral Bending: On the other hand, upon replacing the intervertebral joint with 
the artificial disc, the overall trend in the ROM of the facet joint during combined lateral 
bending at the implanted level L4L5 significantly increased (p<0.05) compared to the intact 
model. The lowest marginal increase in facet ROM was by about 2% and was observed when 
the artificial disc was placed posteriorly compared to the intact group while the highest 
significant increase was observed when the disc was placed anteriorly by about 50.8%. 
Hence, when the disc is placed posteriorly, the facet ROM during combined lateral bending is 
closer to the intact model. 
Combined Axial Rotation: Similarly, upon replacing the intervertebral joint with the artificial 
disc, the overall trend in the ROM of the facet joint during combined axial rotation at the 
implanted level L4L5 marginally increased compared to the intact model. The lowest 
marginal increase in facet ROM was by about 9.4% and was observed when the artificial disc 
was placed centrally compared to the intact group while the highest significant increase was 
observed when the disc was placed posteriorly by about 30.8%. Hence, when the disc is 
placed centrally, the facet ROM during combined axial rotation is closer to the intact model. 
 
7.3 FACET JOINT TRANSLATIONS  
(ADJACENT (L3L4) & IMPLANTED LEVEL (L4L5)) 
 
The mean inter-facet translation is calculated by finding a relative displacement 
vector derived from the individual displacement vectors about the 3 anatomic planes. 
The magnitude of this relative vector is then used to describe the translations below 























No statistically significant change in the facet translation was observed during Extension, 
Flexion, Lateral Bending & Axial Rotation irrespective of the positioning of the artificial disc 
compared to the intact model at the adjacent level L3L4 (p>0.05). 
Trend 
Extension: Upon replacing the intervertebral joint with the artificial disc, the overall trend in 
the translation of the facet joint during extension at the adjacent level L3L4 marginally 
decreased compared to the intact model. The lowest marginal decrease in facet translation 
was by about 0.8% and was observed when the artificial disc was placed anteriorly compared 
to the intact group while the highest marginal decrease was observed when the disc was 
placed posteriorly by about 23.1%. Hence, when the disc is placed anteriorly, the facet 
translation during extension is closer to the intact model. 
Figure 35: The Mean inter-facet translation at L3L4  
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Flexion: Similarly, upon replacing the intervertebral joint with the artificial disc, the overall 
trend in the translation of the facet joint during flexion at the adjacent level L3L4 marginally 
decreased compared to the intact model. The lowest marginal decrease in facet translation 
was by about 2.7% and was observed when the artificial disc was placed anteriorly compared 
to the intact group while the highest marginal decrease was observed when the disc was 
placed posteriorly by about 11.4%. Hence, when the disc is placed anteriorly, the facet 
translation during flexion is closer to the intact model. 
Lateral Bending: Upon replacing the intervertebral joint with the artificial disc, no overall 
trend in the translation of the facet joint during lateral bending at the adjacent level L3L4 was 
observed compared to the intact model. 
Axial Rotation: Upon replacing the intervertebral joint with the artificial disc, the overall 
trend in the translation of the facet joint during axial rotation at the adjacent level L3L4 
marginally decreased compared to the intact model. The lowest marginal decrease in facet 
rotation was by about 2% and was observed when the artificial disc was placed posteriorly 
compared to the intact group while the highest marginal decrease was observed when the disc 
was placed centrally by about 26%. Hence, when the disc is placed posteriorly, the facet 





























No statistically significant change in the facet translation was observed during Extension, 
Flexion, Lateral Bending & Axial Rotation irrespective of the positioning of the artificial disc 
compared to the intact model at the implanted level L4L5 (p>0.05). 
Trend 
Extension: Upon replacing the intervertebral joint with the artificial disc, the overall trend in 
the translation of the facet joint during extension at the implanted level L4L5 marginally 
increased compared to the intact model. The lowest marginal increase in facet translation was 
by about 15% and was observed when the artificial disc was placed posteriorly compared to 
the intact group while the highest marginal increase was observed when the disc was placed 
centrally by about 53%. Hence, when the disc is placed posteriorly, the facet translation 
during extension is closer to the intact model. 
Flexion: On the other hand, upon replacing the intervertebral joint with the artificial disc, the 
overall trend in the translation of the facet joint during flexion at the implanted level L4L5 
Figure 36: The mean inter-facet translation at L4L5  
54 
 
marginally decreased compared to the intact model. The lowest marginal decrease in facet 
translation was by about 2.4% and was observed when the artificial disc was placed centrally 
compared to the intact group while the highest marginal increase was observed when the disc 
was placed anteriorly by about 46.5%. Hence, when the disc is placed centrally, the facet 
translation during flexion is closer to the intact model. 
Lateral Bending: On the other hand, upon replacing the intervertebral joint with the artificial 
disc, the overall trend in the translation of the facet joint during lateral bending at the 
implanted level L4L5 marginally increased compared to the intact model. The lowest 
marginal increase in facet translation was by about 34% and was observed when the artificial 
disc was placed posteriorly compared to the intact group while the highest marginal increase 
was observed when the disc was placed anteriorly by about 75.2%. Hence, when the disc is 
placed posteriorly, the facet translation during lateral bending is closer to the intact model. 
Axial Rotation: Similarly, upon replacing the intervertebral joint with the artificial disc, the 
overall trend in the translation of the facet joint during axial rotation at the implanted level 
L4L5 marginally increased compared to the intact model. The lowest marginal increase in 
facet translation by about 5% and was observed when the artificial disc was placed 
posteriorly compared to the intact group while the highest marginal increase was observed 
when the disc was placed centrally by about 13.6%. Hence, when the disc is placed 
posteriorly, the facet translation during axial rotation is closer to the intact model. 
7.4 WHOLE LUMBAR SPINE  (L2 TO S1) ANGULATION/ROTATION 
 
The rotation of the whole lumbar spine segment (L2t to S1) was also interpreted for the 























No statistically significant change in the whole lumbar spine segment (L2-S1) rotation was 
observed during Extension, Flexion, Lateral Bending & Axial Rotation irrespective of the 
positioning of the artificial disc compared to the intact model (p>0.05). 
Trend 
Extension: Upon replacing the intervertebral joint with the artificial disc, the overall trend in 
the rotation of the whole lumbar segment (L2-S1) during extension marginally decreased 
compared to the intact model. The lowest marginal decrease in rotation was by about 0.4% 
and was observed when the artificial disc was placed posteriorly compared to the intact 
group while the highest marginal decrease was observed when the disc was placed centrally 
by about 21.3%. Hence, when the disc is placed posteriorly, the L2-S1 rotation during 
extension is closer to the intact model. 
Figure 37: The mean rotation of the whole segment L2S1 
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Flexion: Similarly, upon replacing the intervertebral joint with the artificial disc, the overall 
trend in the rotation of the whole lumbar segment (L2-S1) during flexion L3L4 marginally 
decreased compared to the intact model. The lowest marginal decrease in L2-S1 rotation was 
by about 0.4% and was observed when the artificial disc was placed centrally compared to 
the intact group while the highest marginal decrease was observed when the disc was placed 
anteriorly by about 17.1%. Hence, when the disc is placed centrally, the L2-S1 rotation 
during flexion is closer to the intact model. 
Lateral Bending: On the other hand, upon replacing the intervertebral joint with the artificial 
disc, the overall trend in the rotation of the whole lumbar segment (L2-S1) during lateral 
bending marginally increased compared to the intact model. The lowest marginal increase in 
L2-S1 rotation was by about 5% and was observed when the artificial disc was placed 
posteriorly compared to the intact group while the highest marginal increase was observed 
when the disc was placed anteriorly by about 8%. Hence, when the disc is placed posteriorly, 
the L2-S1 rotation during lateral bending is closer to the intact model. 
Axial Rotation: Similarly, upon replacing the intervertebral joint with the artificial disc, the 
overall trend in the rotation of the whole lumbar segment (L2-S1) during axial rotation 
marginally increased compared to the intact model. The lowest marginal increase in L2-S1 
rotation was by about 1.5% and was observed when the artificial disc was placed anteriorly 
compared to the intact group while the highest marginal increase was observed when the disc 
was placed posteriorly by about 5.2%. Hence, when the disc is placed anteriorly, the L2-S1 




























No statistically significant change in the whole lumbar spine segment (L2-S1) range of 
motion (ROM) was observed during Extension, Flexion, Lateral Bending & Axial Rotation 
irrespective of the positioning of the artificial disc compared to the intact model (p>0.05). 
Trend 
Combined Flexion-Extension: Upon replacing the intervertebral joint with the artificial disc, 
the overall trend in the ROM of the whole lumbar segment (L2-S1) during combined flexion-
extension marginally decreased compared to the intact model. The lowest marginal decrease 
in ROM was by about 6% and was observed when the artificial disc was placed posteriorly 
compared to the intact group while the highest marginal decrease was observed when the disc 
was placed anteriorly by about 16%. Hence, when the disc is placed posteriorly, the L2-S1 
ROM during combined flexion-extension is closer to the intact model. 
Combined Lateral Bending: On the other hand, upon replacing the intervertebral joint with 
the artificial disc, the overall trend in the ROM of the whole lumbar segment (L2-S1) during 
Figure 38: The mean Range of Motion of the whole segment L2S1  
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combined lateral bending marginally increased compared to the intact model. The lowest 
marginal increase in L2-S1 ROM was by about 5% and was observed when the artificial disc 
was placed posteriorly compared to the intact group while the highest marginal increase was 
observed when the disc was placed anteriorly by about 7.8%. Hence, when the disc is placed 
posteriorly, the L2-S1 ROM during combined lateral bending is closer to the intact model. 
Combined Axial Rotation: Similarly, upon replacing the intervertebral joint with the artificial 
disc, the overall trend in the ROM of the whole lumbar segment (L2-S1) during combined 
axial rotation marginally increased compared to the intact model. The lowest marginal 
increase in L2-S1 ROM was by about 1.6% and was observed when the artificial disc was 
placed anteriorly compared to the intact group while the highest marginal increase was 
observed when the disc was placed posteriorly by about 5.2%. Hence, when the disc is 

















7.6 FACET JOINT CONTACT FORCE 
(ADJACENT (L3L4) & IMPLANTED LEVEL (L4L5)) 
The average of the contact force for the right and left facet joints at the adjacent 
(L3L4) and the implanted level (L4L5) for all 6 specimens was investigated and reported 



























No statistically significant change in the facet contact force was observed during Extension, 
Flexion, Lateral Bending & Axial Rotation irrespective of the positioning of the artificial disc 
compared to the intact model at the adjacent level L3L4 (p>0.05). 
Trend 
Extension: Upon replacing the intervertebral joint with the artificial disc, the overall trend in 
the contact force of the facet joint during extension at the adjacent level L3L4 marginally 
decreased compared to the intact model. The lowest marginal decrease in facet contact force 
was by about 23.5% and was observed when the artificial disc was placed posteriorly 
Figure 39: The mean facet contact force at L3L4  
60 
 
compared to the intact group while the highest marginal decrease was observed when the disc 
was placed anteriorly by about 67.2%. Hence, when the disc is placed posteriorly, the facet 
contact force during extension is closer to the intact model. 
Flexion: On the other hand, upon replacing the intervertebral joint with the artificial disc, the 
overall trend in the contact force of the facet joint during flexion at the adjacent level L3L4 
marginally increased compared to the intact model. The lowest marginal increase in facet 
contact force was by about 4.2% and was observed when the artificial disc was placed 
anteriorly compared to the intact group while the highest marginal increase was observed 
when the disc was placed posteriorly by about 23%. Hence, when the disc is placed 
anteriorly, the facet contact force during flexion is closer to the intact model. 
Lateral Bending: On the other hand, upon replacing the intervertebral joint with the artificial 
disc, the overall trend in the contact force of the facet joint during lateral bending at the 
adjacent level L3L4 marginally decreased compared to the intact model. The lowest marginal 
decrease in facet contact force was by about 10% and was observed when the artificial disc 
was placed anteriorly compared to the intact group while the highest marginal decrease was 
observed when the disc was placed posteriorly by about 63.3%. Hence, when the disc is 
placed anteriorly, the facet contact force during lateral bending is closer to the intact model. 
Axial Rotation: Similarly, upon replacing the intervertebral joint with the artificial disc, the 
overall trend in the contact force of the facet joint during axial rotation at the adjacent level 
L3L4 marginally decreased compared to the intact model. The lowest marginal decrease in 
facet contact force was by about 25.2% and was observed when the artificial disc was placed 
posteriorly compared to the intact group while the highest marginal decrease was observed 
when the disc was placed centrally by about 48%. Hence, when the disc is placed posteriorly, 






























No statistically significant change in the facet contact force was observed during Extension, 
Flexion, Lateral Bending & Axial Rotation irrespective of the positioning of the artificial disc 
compared to the intact model at the implanted level L4L5 (p>0.05). 
Trend 
Extension: Upon replacing the intervertebral joint with the artificial disc, the overall trend in 
the contact force of the facet joint during extension at the implanted level L4L5 marginally 
decreased compared to the intact model. The lowest marginal decrease in facet contact force 
was by about 11% and was observed when the artificial disc was placed centrally compared 
to the intact group while the highest marginal decrease was observed when the disc was 
placed posteriorly by about 37.2%. Hence, when the disc is placed centrally, the facet 
contact force during extension is closer to the intact model. 
Flexion: On the other hand, upon replacing the intervertebral joint with the artificial disc, the 
overall trend in the contact force of the facet joint during flexion at the implanted level L4L5 
increased compared to the intact model. The lowest increase in facet contact force was by 
about 109% and was observed when the artificial disc was placed posteriorly compared to 
Figure 40: The mean facet contact force at L4L5  
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the intact group while the highest increase was observed when the disc was placed anteriorly 
by about 415.6%. Hence, when the disc is placed posteriorly, the facet contact force during 
flexion is closer to the intact model. 
Lateral Bending: Similarly, upon replacing the intervertebral joint with the artificial disc, the 
overall trend in the contact force of the facet joint during lateral bending at the implanted 
level L4L5 marginally increased compared to the intact model. The lowest marginal increase 
in facet contact force was by about 7% and was observed when the artificial disc was placed 
posteriorly compared to the intact group while the highest increase was observed when the 
disc was placed anteriorly by about 91%. Hence, when the disc is placed posteriorly, the 
facet contact force during lateral bending is closer to the intact model. 
Axial Rotation: Similarly, upon replacing the intervertebral joint with the artificial disc, the 
overall trend in the contact force of the facet joint during axial rotation at the implanted level 
L4L5 marginally increased compared to the intact model. The lowest marginal increase in 
facet contact force was by about 2.2% and was observed when the artificial disc was placed 
anteriorly compared to the intact group while the highest marginal increase was observed 
when the disc was placed centrally by about 11.7%. Hence, when the disc is placed 













7.7 FACET JOINT CONTACT PRESSURE 
(ADJACENT (L3L4) & IMPLANTED LEVEL (L4L5)) 
The average of the contact pressure for the right and left facet joints at the adjacent 
(L3L4) and the implanted level (L4L5) for all 6 specimens was investigated and reported 















No statistically significant change in the facet contact pressure was observed during 
Extension, Flexion, Lateral Bending & Axial Rotation irrespective of the positioning of the 
artificial disc compared to the intact model at the adjacent level L3L4 (p>0.05). The Standard 
Deviation appears quite high possibly because of the inclusion of possible outliers in the final 
analysis due to sample size restriction. 
 
 




Extension: Upon replacing the intervertebral joint with the artificial disc, the overall trend in 
the contact pressure of the facet joint during extension at the adjacent level L3L4 marginally 
increased compared to the intact model except for Anterior ADR group where a marginal 
decrease was observed. The lowest marginal decrease in facet contact pressure was by about 
7.4% and was observed when the artificial disc was placed anteriorly compared to the intact 
group while the highest marginal increase was observed when the disc was placed 
posteriorly by about 13.3%. Hence, when the disc is placed anteriorly, the facet contact 
pressure during extension is closer to the intact model. 
Flexion: On the other hand, upon replacing the intervertebral joint with the artificial disc, the 
overall trend in the contact pressure of the facet joint during flexion at the adjacent level 
L3L4 marginally decreased compared to the intact model except for Posterior ADR group 
where a marginal increase was observed. The lowest marginal decrease in facet contact 
pressure was by about 23% and was observed when the artificial disc was placed 
anteriorly/centrally compared to the intact group while the highest marginal increase was 
observed when the disc was placed posteriorly by about 33.5%. Hence, when the disc is 
placed anteriorly/centrally, the facet contact pressure during flexion is closer to the intact 
model. 
Lateral Bending: On the other hand, upon replacing the intervertebral joint with the artificial 
disc, the overall trend in the contact pressure of the facet joint during lateral bending at the 
adjacent level L3L4 marginally increased compared to the intact model except for Anterior 
ADR group where a marginal decrease was observed. The lowest marginal increase in facet 
contact pressure was by about 1.3% and was observed when the artificial disc was placed 
centrally compared to the intact group while the highest marginal increase was observed 
when the disc was placed posteriorly by about 49.7%. Hence, when the disc is placed 
centrally, the facet contact pressure during lateral bending is closer to the intact model. 
Axial Rotation: On the other hand, upon replacing the intervertebral joint with the artificial 
disc, the overall trend in the contact pressure of the facet joint during axial rotation at the 
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adjacent level L3L4 marginally decreased compared to the intact model. The lowest marginal 
decrease in facet contact pressure was by about 1.8% and was observed when the artificial 
disc was placed anteriorly compared to the intact group while the highest marginal decrease 
was observed when the disc was placed posteriorly by about 18.4%. Hence, when the disc is 

















No statistically significant change in the facet contact pressure was observed during 
Extension, Flexion, Lateral Bending & Axial Rotation irrespective of the positioning of the 
artificial disc compared to the intact model at the implanted level L4L5 (p>0.05). 
 
 




Extension: Upon replacing the intervertebral joint with the artificial disc, the overall trend in 
the contact pressure of the facet joint during extension at the implanted level L4L5 marginally 
decreased compared to the intact model except for middle ADR group where a marginal 
increase was observed. The lowest marginal increase in facet contact pressure was by about 
5.8% and was observed when the artificial disc was placed centrally compared to the intact 
group while the highest marginal decrease was observed when the disc was placed 
posteriorly by about 33.2%. Hence, when the disc is placed centrally, the facet contact 
pressure during extension is closer to the intact model. 
Flexion: On the other hand, upon replacing the intervertebral joint with the artificial disc, the 
overall trend in the contact pressure of the facet joint during flexion at the implanted level 
L4L5 marginally increased compared to the intact model except for Posterior ADR group 
where a marginal decrease was observed. The lowest marginal decrease in facet contact 
pressure was by about 13.2% and was observed when the artificial disc was placed 
posteriorly compared to the intact group while the highest marginal increase was observed 
when the disc was placed anteriorly by about 36.8%. Hence, when the disc is placed 
posteriorly, the facet contact pressure during flexion is closer to the intact model. 
Lateral Bending: On the other hand, upon replacing the intervertebral joint with the artificial 
disc, the overall trend in the contact pressure of the facet joint during lateral bending at the 
implanted level L4L5 marginally decreased compared to the intact model. The lowest 
marginal decrease in facet contact pressure was by about 9.2% and was observed when the 
artificial disc was placed posteriorly compared to the intact group while the highest marginal 
decrease was observed when the disc was placed anteriorly/centrally by about 16.6%. 
Hence, when the disc is placed posteriorly, the facet contact pressure during lateral bending 
is closer to the intact model. 
Axial Rotation: On the other hand, upon replacing the intervertebral joint with the artificial 
disc, the overall trend in the contact pressure of the facet joint during axial rotation at the 
implanted level L4L5 marginally increased compared to the intact model. The lowest 
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marginal increase in facet contact pressure was by about 17.5% and was observed when the 
artificial disc was placed anteriorly compared to the intact group while the highest marginal 
increase was observed when the disc was placed posteriorly by about 19.2%. Hence, when 
the disc is placed anteriorly, the facet contact pressure during axial rotation is closer to the 
intact model. 
 
It is important to bridge the understanding connection between Engineering and Clinical 
Perspective as to better translate the results analysis and explanation (referring to previous 
sections) to the clinical world: 
Pressure (Engineering) = Pain (Clinical) 
Rotation (Engineering) = Mobility (Clinical) 
It is hence easier for surgeons with little engineering background to gain a better 
understanding of the analysis and results. 
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SUMMARY TABLE OF KINEMATICS & KINETICS RESULTS RELATIVE TO 


















L4L5 (Extension) L3L4 (Extension)
IMPLANT POSITION Rotation Translation Force Pressure IMPLANT POSITION Rotation Translation Force
Anterior D (32%) I (26%) D (15%) D (11%) Anterior I (26%) D(0.8%) D (67%)
Middle/Central D(28%) I (53%) D (11%) I (6%) Middle/Central I (42%) D (9%) D (27%)
Posterior D(11%) D (15%) D (37%) D (33%) Posterior I (23%) D (23%) D (24%)
L4L5 (Flexion) L3L4 (Flexion)
IMPLANT POSITION Rotation Translation Force Pressure IMPLANT POSITION Rotation Translation Force
Anterior D (20%) D (47%) I (416%) I (37%) Anterior D(5%) D(3%) I (4%)
Middle/Central I (23%) D (2%) I (356%) I (17%) Middle/Central D (6%) D (9%) D (31%)
Posterior D(20%) D (37%) I (109%) D (13%) Posterior D (21%) D (11%) I (23%)
L4L5 (Lateral Bending) L3L4 (Lateral Bending)
IMPLANT POSITION Rotation Translation Force Pressure IMPLANT POSITION Rotation Translation Force
Anterior I (54%) I (75%) I (91%) D (16%) Anterior D(16%) I (7%) D (11%)
Middle/Central I (28%) I (71%) I (66%) D (17%) Middle/Central D (1%) D (14%) D (43%)
Posterior I (14%) I (34%) D (7%) D (9%) Posterior I (1%) I (9%) D (63%)
L4L5 (Axial Rotation) L3L4 (Axial Rotation)
IMPLANT POSITION Rotation Translation Force Pressure IMPLANT POSITION Rotation Translation Force
Anterior I (12%) I (6%) I (2%) I (17%) Anterior D(3%) D (20%) D (31%)
Middle/Central I (11%) I (14%) I (12%) I (19%) Middle/Central I (2%) D (26%) D (48%)
Posterior I (31%) I (5%) I (8%) I (19%) Posterior D (2%) D (2%) D (25%)
   




L4L5 (Extension) MOBILITY PAIN L3L4 (Extension) MOBILITY PAIN
IMPLANT POSITION Rotation Pressure IMPLANT POSITION Rotation Pressure
Anterior D (32%) D (11%) Anterior I (26%) D (7%)
Middle/Central D(28%) I (6%) Middle/Central I (42%) I (13%)
Posterior D(11%) D (33%) Posterior I (23%) I (13%)
L4L5 (Flexion) MOBILITY PAIN L3L4 (Flexion) MOBILITY PAIN
IMPLANT POSITION Rotation Pressure IMPLANT POSITION Rotation Pressure
Anterior D (20%) I (37%) Anterior D(5%) D (24%)
Middle/Central I (23%) I (17%) Middle/Central D (6%) D (24%)
Posterior D(20%) D (13%) Posterior D (21%) I (34%)
L4L5 (Lateral Bending) MOBILITY PAIN L3L4 (Lateral Bending) MOBILITY PAIN
IMPLANT POSITION Rotation Pressure IMPLANT POSITION Rotation Pressure
Anterior I (54%) D (16%) Anterior D(16%) D (20%)
Middle/Central I (28%) D (17%) Middle/Central D (1%) I (1%)
Posterior I (14%) D (9%) Posterior I (1%) I (50%)
L4L5 (Axial Rotation) MOBILITY PAIN L3L4 (Axial Rotation) MOBILITY PAIN
IMPLANT POSITION Rotation Pressure IMPLANT POSITION Rotation Pressure
Anterior I (12%) I (17%) Anterior D(3%) I (2%)
Middle/Central I (11%) I (19%) Middle/Central I (2%) D (4%)
Posterior I (31%) I (19%) Posterior D (2%) D (18%)
LEGEND:
L4L5 - Implanted Level
L3L4 - Adjacent Level
I - Increase
D - Decrease
Table 3: Summary Table of kinematics and 
kinetics result relative to the intact model from 
an engineering and clinical perspective 
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7.8 COMPENSATORY MOTION MECHANISM OF THE FACET JOINT 
RELATIVE THE PRIMARY ROTATION 
(ADJACENT (L3L4) & IMPLANTED LEVEL (L4L5)) 
In order to find a plausible explanation on the little significance of the parameters being 
investigated namely facet rotation, translation, contact force and pressure, it is important to 
try to investigate more thoroughly the motion mechanism of each of the facet joint. Hence, 
the compensatory motion mechanism (Secondary Rotation) of the facet joint at the adjacent 
and implanted level with the primary motion (Primary Rotation) will be highlighted in a 
model spine sample representative of the whole sample size. It will eventually provide an 
overview of the contribution of all the motions along the 3 anatomical axes and hence provide 
a better understanding of the altered mechanics for all 4 groups namely intact, Anterior, 
Middle and Posterior ADR groups. 
7.8.1 Influence of secondary angulation (Lateral Bending & Axial Rotation ) onto the primary 














Figure 43: Compensatory 
motion mechanism of Lateral 
Bending on the primary 
Flexion/Extension motion at 


















LATERAL BENDING & AXIAL ROTATION COMPENSATION DURING FLEXION & 
EXTENSION AT THE ADJACENT LEVEL L3L4 
FLEXION: At the adjacent level L3L4, as the facet joint flexion angle increases, the overall 
compensatory effect of the right lateral bending angle for all 4 groups increase with the 
highest change in lateral bending per unit angle of flexion angle was observed in the Intact 
group followed by Middle ADR, Posterior ADR and Anterior ADR groups. Concurrently, as 
the facet joint flexion angle increases, the overall compensatory effect of the anticlockwise 
rotation angle for the 3 ADR groups increase while for the intact group, an increase in 
clockwise rotation was observed. The highest change in axial rotation per unit angle of 
flexion angle was observed in the intact group followed by Middle ADR, Posterior ADR and 
Anterior ADR groups 
EXTENSION: At the adjacent level, as the extension angle increases, the compensatory 
effect of the left lateral bending is less pronounced while the effect of the anticlockwise 
Figure 44: Compensatory motion mechanism of Axial Rotation on 
the primary Flexion/Extension motion at the adjacent Level L3L4 
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rotation increases with the highest change in axial rotation per unit angle of extension angle 
observed in the Posterior ADR group followed by Intact, Anterior and Middle ADR groups. 
In short, flexion at the adjacent level L3L4 is accompanied by a contribution from right 
lateral bending and anticlockwise axial rotation while for extension, left lateral bending and 
anticlockwise rotation contribute to the compensatory motion mechanism for all 4 groups. 
7.8.2 Influence of secondary angulation (Lateral Bending & Axial Rotation) onto the primary 





















Figure 45: Compensatory motion mechanism of Lateral Bending on 































LATERAL BENDING & AXIAL ROTATION COMPENSATION DURING FLEXION & 
EXTENSION AT THE IMPLANTED LEVEL L4L5 
FLEXION: At the implanted level L4L5, as the facet joint flexion angle increases, the overall 
compensatory effect of the right lateral bending angle for all 4 groups increase with the 
marginal change in lateral bending per unit angle of flexion angle was observed in all the 4 
groups.  
Concurrently, as the facet joint flexion angle increases, the overall compensatory effect of the 
clockwise rotation angle for the 4 groups increases. The highest change in axial rotation per 
unit angle of flexion angle was observed in the Anterior ADR group followed by Middle 
ADR, Posterior ADR and Intact groups 
EXTENSION: At the implanted level, as the extension angle increases, the compensatory 
effect of the anticlockwise rotation is less pronounced while the effect of the left lateral 
Figure 46: Compensatory motion mechanism of Axial Rotation on 
the primary Flexion/Extension motion at Implanted Level L4L5 
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bending increases with the highest change in axial rotation per unit angle of extension angle 
observed in the Posterior ADR group followed by intact group. 
In short, flexion at the implanted level L4L5 is accompanied by a contribution from right 
lateral bending and clockwise axial rotation while for extension, left lateral bending and 
anticlockwise rotation contribute to the compensatory motion mechanism for all 4 groups. 
7.8.3 Influence of secondary angulation (Flexion/Extension & Axial Rotation) onto the 






















Figure 47: Compensatory motion mechanism of Flexion/Extension 

















FLEXION/EXTENSION & AXIAL ROTATION COMPENSATION DURING LATERAL 
BENDING AT THE ADJACENT LEVEL L3L4 
LEFT LATERAL BENDING: At the adjacent level L3L4, as the facet joint left lateral 
bending angle increases, the overall compensatory effect of the flexion angle for all 4 groups 
increase with the marginal change in flexion per unit angle of lateral bending was observed in 
all the 4 groups with Anterior ADR group showing a slightly different trend.  
Concurrently, as the facet joint left lateral bending angle increases, the overall 
compensatory effect of the anticlockwise rotation angle for the 4 groups increases. The 
highest change in axial rotation per unit angle of lateral bending was observed in the Posterior 
ADR group followed by Anterior, Intact and Middle ADR groups. 
RIGHT LATERAL BENDING: At the adjacent level, as the right lateral bending angle 
increases, the compensatory effect of the extension and clockwise axial rotation increases 
with the highest change in extension per unit angle of lateral bending observed in the Anterior 
ADR group followed by Middle ADR, Intact and Posterior ADR groups. In addition, the 
Figure 48: Compensatory motion mechanism of Axial Rotation on 
the primary Lateral Bending motion at the adjacent Level L3L4 
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highest change in axial rotation per unit angle of lateral bending observed in the all 3 ADR 
groups followed by intact group. 
In short, left lateral bending at the adjacent level L3L4 is accompanied by a contribution 
from flexion and anticlockwise axial rotation while for right lateral bending, extension and 
clockwise axial rotation contribute to the compensatory motion mechanism for all 4 groups. 
7.8.4 Influence of secondary angulation (Flexion/Extension & Axial Rotation) onto the 

































Figure 49: Compensatory motion mechanism of Flexion/Extension 


























FLEXION/EXTENSION & AXIAL ROTATION COMPENSATION DURING LATERAL 
BENDING AT THE IMPLANTED LEVEL L4L5 
LEFT & RIGHT LATERAL BENDING: At the implanted level L4L5, as the facet joint left 
and right lateral bending angle increases, the overall compensatory effect of the 
flexion/extension angle for all 4 groups is present but difficult to interpret due to the random 
nature of the contribution   
Concurrently, as the facet joint left lateral bending angle increases, the overall 
compensatory effect of the anticlockwise rotation angle for the 4 groups increases. The 
highest change in axial rotation per unit angle of lateral bending was observed in the middle 
ADR group followed by Anterior ADR, Posterior ADR and intact groups. 
RIGHT LATERAL BENDING: At the implanted level, as the right lateral bending angle 
increases, the compensatory effect of the clockwise axial rotation increases with the highest 
change in axial rotation per unit angle of lateral bending observed in the Posterior ADR 
followed by Anterior ADR, Middle ADR and Intact groups.  
Figure 50: Compensatory motion mechanism of Axial Rotation on 
the primary Lateral Bending motion at Implanted Level L4L5 
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In short, left lateral bending at the implanted level L4L5 is accompanied by a contribution 
from anticlockwise axial rotation while for right lateral bending, clockwise axial rotation 
contribute to the compensatory motion mechanism for all 4 groups. 
7.8.5 Influence of secondary angulation (Flexion/Extension & Lateral Bending) onto the 
























Figure 51: Compensatory motion mechanism of Flexion/Extension 

















FLEXION/EXTENSION & LATERAL BENDING COMPENSATION DURING AXIAL 
ROTATION AT THE ADJACENT LEVEL L3L4 
CLOCKWISE AXIAL ROTATION: At the adjacent level L3L4, as the facet joint clockwise 
& anticlockwise axial rotation angle increases, the overall compensatory effect of the 
flexion/extension angle for all 4 groups is present but difficult to interpret due to the random 
nature of the contribution   
Concurrently, as the facet joint clockwise axial rotation angle increases, the overall 
compensatory effect of the left lateral bending angle for the 4 groups increases. The highest 
change in lateral bending per unit angle of axial rotation was observed in the Anterior ADR 
group followed by Middle ADR, Posterior ADR and intact groups. 
ANTICLOCKWISE AXIAL ROTATION: At the adjacent level, as the anticlockwise axial 
rotation increases, the compensatory effect of the right lateral bending angle increases with 
the highest change in lateral bending per unit angle of axial rotation observed in the 3 ADR 
groups followed by the Intact group.  
Figure 52: Compensatory motion mechanism of Lateral Bending on 
the primary Axial Rotation motion at the adjacent Level L3L4 
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In short, clockwise axial rotation at the adjacent level L3L4 is accompanied by a contribution 
from left lateral bending while for anticlockwise axial rotation, right lateral bending 
contribute to the compensatory motion mechanism for all 4 groups. 
7.8.6 Influence of secondary angulation (Flexion/Extension & Lateral Bending) onto the 



































Figure 53: Compensatory motion mechanism of Flexion/Extension 
















FLEXION/EXTENSION & LATERAL BENDING COMPENSATION DURING AXIAL 
ROTATION AT THE IMPLANTED LEVEL L4L5 
CLOCKWISE AXIAL ROTATION: At the implanted level L4L5, as the facet joint 
clockwise axial rotation angle increases, the overall compensatory effect of the extension 
angle for all 4 groups increases. The highest change in extension per unit angle of axial 
rotation was observed in the Middle ADR group followed by Posterior ADR, intact and 
anterior ADR groups. 
Concurrently, as the facet joint clockwise axial rotation angle increases, the overall 
compensatory effect of the right lateral bending angle for the 4 groups increases. The 
highest change in lateral bending per unit angle of axial rotation was observed in the Anterior 
ADR group followed by Middle ADR, Posterior ADR and intact groups. 
ANTICLOCKWISE AXIAL ROTATION: At the implanted level, as the anticlockwise axial 
rotation increases, the compensatory effect of the flexion angle and left lateral bending 
Figure 54: Compensatory motion mechanism of Lateral Bending on 
the primary Axial Rotation motion at Implanted Level L4L5 
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increases with the highest change in flexion per unit angle of axial rotation observed in the 
Posterior ADR group followed by the Intact, Middle ADR and Anterior ADR groups. In 
addition, the highest change in lateral bending per unit angle of axial rotation observed in the 
Middle ADR group followed by Posterior ADR, Anterior ADR and intact groups. 
In short, clockwise axial rotation at the implanted level L4L5 is accompanied by a 
contribution from extension and right lateral bending while for anticlockwise axial rotation, 
flexion and left lateral bending contribute to the compensatory motion mechanism for all 4 
groups. 
7.9 SUMMARY TABLE OF COMPENSATORY EFFECT OF SECONDARY 
ROTATIONS ON PRIMARY ROTATIONS 
COMPENSATORY EFFECT OF SECONDARY ROTATIONS ON PRIMARY ROTATION
L4L5 (Primary Rotation - Extension : 3°) L3L4 (Primary RotationExtension : 3°)
SECONDARY ROTATION / ° LLB RLB CAR AAR SECONDARY ROTATION / ° LLB RLB CAR AAR
Intact 1.4 0.1 Intact  - 0.5
Anterior 0.75 0.1 Anterior 0.25 0.25
Middle/Central 1.3 0.1 Middle/Central  - 0.25
Posterior 1.5 0.5 Posterior 0.5 1.5
L4L5 (Primary Rotation - Flexion : 8°) L3L4 (Primary Rotation - Flexion: 6°)
SECONDARY ROTATION / ° LLB RLB CAR AAR SECONDARY ROTATION / ° LLB RLB CAR AAR
Intact 1 1 Intact 1.5 2
Anterior 1.75 1.75 Anterior 0.1 0.5
Middle/Central 2 2 Middle/Central 1 1.5
Posterior 1.5 1.4 Posterior 0.4 0.8
L4L5 (Primary Rotation - Left Lateral Bending: 5°) L3L4 (Primary Rotation  - Left Lateral Bending: 2.5°)
SECONDARY ROTATION / ° F E CAR AAR SECONDARY ROTATION / ° F E CAR AAR
Intact 1 0.1 Intact 1 0.2
Anterior 0.8 1 Anterior 0.2 0.75
Middle/Central 0.6 1.75 Middle/Central 1 0.2
Posterior 1.2 0.25 Posterior 1.2 1
L4L5 (Primary Rotation - Right Lateral Bending: 5°) L3L4 (Primary Rotation  - Right Lateral Bending: 3°)
SECONDARY ROTATION / ° F E CAR AAR SECONDARY ROTATION / ° F E CAR AAR
Intact 1 0.2 Intact 0.25 0.7
Anterior 0.7 1 Anterior 1.2 0.7
Middle/Central 0.75 0.5 Middle/Central 0.6 1
Posterior 1 1.2 Posterior 1 0.7
L4L5 (Clockwise Axial Rotation: 2.8°) L3L4 (Clockwise Axial Rotation: 2.2°)
SECONDARY ROTATION / ° F E LLB RLB SECONDARY ROTATION / ° F E LLB RLB
Intact 1.5 0.25 Intact 0.5 1.5
Anterior 0.1 1.75 Anterior 0.8 1.25
Middle/Central 0.5 1 Middle/Central 1 1.5
Posterior 1.5 1 Posterior 1 1.25
L4L5 (Anticlockwise Axial Rotation: 2.5°) L3L4 (Anticlockwise Axial Rotation: 2.2°)
SECONDARY ROTATION / ° F E LLB RLB SECONDARY ROTATION / ° F E LLB RLB
Intact 1.4 0.2 Intact 0.2 0.6
Anterior 0.1 1 Anterior 1 0.4
Middle/Central 0.5 0.9 Middle/Central 1 2
Posterior 2.5 0.9 Posterior 1.2 0.8
LEGEND:
L4L5 - Implanted Level LLB - Left Lateral Bending
L3L4 - Adjacent Level RLB - Right Lateral Bending
F - Flexion AAR - Anticlockwise Axial Rotation
E - Extension CAR - Clockwise Axial Rotation  
Table 4: Summary Table of 
compensatory effect of secondary 
rotations on primary rotations 
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8.0 MODEL INTERSEGMENTAL ROTATION V/S FACET FORCE (L3L4 & 
L4L5) 
 
The graphs were plotted based on the reading from one sensor only placed either on the right 
or left facet joint at the adjacent (L3L4) and implanted level (L4L5). Hence, unloading of the 
facet joint occurred during extreme motions. It is important to note that based on the joint 
morphology and osteophyte obstruction, it is sometimes difficult to collect facet force data 
from both left and right sensors at both levels and hence only the data from one sensor was 
plotted for the model to understand the behavior of the joint for all 4 groups. 


















Slope (Gradient): At the adjacent level L3L4, the facet force increases with flexion/extension 
angle as the specimen goes from flexion to extension hence giving rise to a positive slope and 
hence increasing stiffness. However, the stiffness among the 4 groups is similar until a facet 
Figure 55: Facet Force Interaction with 
Flexion/Extension Angle for the adjacent Level L3L4 
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force of 90N in extension is reached. Beyond this threshold point, the stiffness of the adjacent 
level (L3L4) in the Posterior ADR group starts to decrease.  
Range (x-axis): The change in the range is more pronounced for the Posterior ADR group 
beyond the 90N implying that maybe soft tissue starts to take over the hard tissue to stabilize 
the adjacent level (L3L4) 
Limit (y-axis): There is no significant change in the maximum and minimum facet force (< 
10N) among all 4 groups after the specimen has reached the endpoint torque of 7.5Nm during 
flexion and extension at the adjacent level (L3L4). Unloading of the L3L4 facet joint seems to 
occur during flexion for all groups. 

















Slope (Gradient): At the implanted level L4L5, the facet force decreases with 
flexion/extension angle as the specimen goes from flexion to extension hence giving rise to a 
Figure 56: Facet Force Interaction with 
Flexion/Extension Angle for the Implanted Level L4L5 
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negative slope and hence decreasing stiffness for all ADR groups. However, the stiffness of 
the implanted level in the intact groups follows the opposite trend for the same motion 
mechanism.  
Range (x-axis): The change in the range is more pronounced for the ADR groups compared 
to the intact group implying that ADR allows for more motion especially in Flexion. 
Limit (y-axis): The maximum (minimum) facet force measured for the Intact, Anterior, 
Middle and Posterior ADR Group is 46.4N (0N), 103.6N (43N), 102.6N (35N) and 72.4N 
(27.1N) respectively. The maximum and minimum facet force between the Anterior and 
Middle ADR groups seems to have marginal difference (< 10N) during flexion and extension 
at the implanted level (L4L5) but these two groups seems to show the biggest difference in 
facet force compared to the intact group. It is important to highlight that the facet force in the 
Anterior ADR group starts to drop after -5Nm possibly due to the sensor-joint poor contact 
interface near to the extreme range of torque (-7.5Nm). The Posterior ADR group experience 
a lower difference in facet force compared to the intact group and hence is closer to the intact 


































Slope (Gradient): At the adjacent level L3L4, the facet force decreases with lateral bending 
angle from right to left lateral bending hence giving rise to a negative slope and hence 
decreasing stiffness. This could be due to the fact that the sensor was placed on the right facet 
joint and hence during right lateral bending, the right facet has maximum contact. However, 
this trend is only observed for the intact and Anterior ADR group. For the Middle and 
Posterior ADR group, the slopes are symmetrical about the y-axis with a point of inflexion at 
an angle of zero degree. 
 Range (x-axis): There is no significant change in range among all 4 groups at the adjacent 
level L3L4 (< 1 degree) 
Figure 57: Facet Force Interaction with Lateral 




Limit (y-axis): The maximum facet force was observed for the Intact and followed by the 
Anterior ADR group after the specimen has reached the endpoint torque of 7.5Nm during 
right lateral bending at the adjacent level (L3L4). For the Middle and Posterior ADR group, 
the lowest force was observed compared to the other 2 groups. For the left lateral bending, no 
significant change in the facet force was observed at the endpoint. 















Slope (Gradient): At the implanted level L4L5, the facet force increases with lateral bending 
angle from right to left lateral bending for all 4 groups hence giving rise to a positive slope 
and hence increasing stiffness. This could be due to the fact that the sensor was placed on the 
left facet joint and hence during left lateral bending, the left facet has maximum contact. 
Comparing all 4 groups, all of them have the same stiffness during left lateral bending. 
 Range (x-axis): All 3 ADR groups at the implanted level L4L5 have a larger range compared 
to the intact group with the highest being observed for the middle ADR group.  
Figure 58: Facet Force Interaction with Lateral 
Bending Angle for the Implanted Level L4L5 
87 
 
Limit (y-axis): All 3 ADR groups have a higher facet force at the implanted level L4L5 
during left lateral bending. The maximum facet force was observed for both the Middle and 
Posterior ADR group followed by the Anterior ADR group after the specimen has reached the 
endpoint torque of 7.5Nm during left lateral bending at the implanted level (L4L5). 
Unloading of the facet joint was observed at the endpoint during right lateral bending. 

















Slope (Gradient): At the adjacent level L3L4, the facet force decreases with axial rotation 
angle from anticlockwise to clockwise axial rotation hence giving rise to a negative slope and 
hence decreasing stiffness. This could be due to the fact that the sensor was placed on the 
right facet joint and hence during anticlockwise axial rotation, the right facet has maximum 
contact. 
Figure 59: Facet Force Interaction with Axial Rotation 
Angle for the adjacent Level L3L4 
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 Range (x-axis): The change in the range is highest for the posterior ADR group and the least 
for the Anterior ADR group. This could imply that there is more soft tissue interaction during 
Posterior ADR motion at the adjacent level and more hard tissue involvement for Anterior 
ADR group. 
Limit (y-axis): The maximum facet force was observed for the Intact after the specimen has 
reached the endpoint torque of 7.5Nm during anticlockwise axial rotation at the adjacent level 
(L3L4). For the ADR groups, no significant change in the facet force was observed at the 
endpoint. Unloading of the L3L4 facet joint seems to occur during clockwise axial rotation 
for all groups. 


















Figure 60: Facet Force Interaction with Axial Rotation 
Angle for the Implanted Level L4L5 
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Slope (Gradient): At the implanted level L4L5, the facet force increases with axial rotation 
angle from anticlockwise to clockwise axial rotation hence giving rise to a positive slope and 
hence increasing stiffness. This could be due to the fact that the sensor was placed on the left 
facet joint and hence during clockwise axial rotation, the left facet has maximum contact. 
Comparing all 4 groups, all of them have the same stiffness during clockwise axial rotation. 
 Range (x-axis): The change in the range is highest for the posterior ADR group and the least 
for the Middle ADR group. This could imply that there is more soft tissue interaction during 
Posterior ADR motion at the adjacent level compared to the other groups.  
Limit (y-axis): The maximum facet force was observed for the Posterior ADR group after the 
specimen has reached the endpoint torque of 7.5Nm during clockwise axial rotation at the 
implanted level (L4L5). For the other groups, no significant change in the facet force was 
observed at the endpoint. Unloading of the L4L5 facet joint seems to occur during 
















8.  DISCUSSION 
 
Clinically, facet joint contact pressure (FJCP) and rotation are important parameters 
interpreted as facet joint pain and mobility respectively and a more in-depth investigation and 
analysis compared to the other parameters of interest namely facet joint Range Of Motion 
(ROM), contact force, and translation were reported at both the implanted level L4L5 and 
adjacent level L3L4. 
ADR at the implanted level L4L5 resulted in an significant increase in mean facet 
joint ROM and angulation between the Anteriorly and Middle-placed ADR position 
compared to the intact group during lateral bending with anterior ADR being the greatest by 
about 51%(p=0.028). However, at L4L5, the mean facet joint rotation, ROM,  contact force, 
pressure (FJCP) and translation across the other 2 planes of motion namely Flexion/Extension 
& Axial Rotation in all 3 ADR positions compared to the intact model were not significantly 
different from each other (p>0.05).When the Prodisc was placed posteriorly, a marginal 
decrease in the rotation and FJCP at the implanted level L4L5 was observed during extension 
(-11% & -33%) and flexion (-20% & -13%) respectively. The opposite trend in rotation was 
observed during lateral bending (14%) and axial rotation (31%) with a marginal decrease (-
9%) and increase in FCJP (19%) respectively.  
At L3L4 with the same posterior positioning of the Prodisc, a marginal decrease in 
rotation was observed during flexion (-21%) and axial rotation (-2%) while the opposite trend 
was observed for extension (23%) and lateral bending (1%). A marginal increase in FJCP was 
observed during extension (13%), flexion (34%) and lateral bending (50%) with a marginal 








Comparing against the In-Vitro studies   
Demetropoulos CK et al 2010 reported that when the L3L5 cadaveric spines were 
implanted at L4L5 with Prodisc-L in an assumed posterior/central position (as observed in 
their figure in the literature) “flexion marginally increased from 5.6 to 6.2° while extension 
decreased significantly from 2.2 to 1.2°”. In comparison our study also showed similar 
rotations at the implanted level (L4L5) for extension, where a marginal decrease from 2.22° 
to 1.60° and a marginal increase in flexion upon ADR from 5.45° to 6.72° were observed. 
Demetropoulos’ study also reported that “lateral bending marginally decrease from 7.4 to 
6.2° while axial rotation increase significantly from 3.4 to 4.4°”. Though the lateral bending 
data is not consistent with our findings where a significant increase from 0.97° to 1.22° was 
obtained, the axial rotation did follow a similar trend from 0.55° to 0.82° upon ADR. For the 
adjacent level (L3L4), our study showed a marginal decrease from 1.63° to 1.57° for flexion 
and marginal increase from 0.75° to 1.10° for extension while Demetropoulos CK et al 2010 
reported the opposite that “flexion marginally increase from 5.8 to 6.5° while extension 
decrease from 3.0 to 2.7°” and “No change in lateral bending (8.7°) while axial rotation 
increase from 3.6 to 4.1°”.Our study, showed similar trend where no change for lateral 
bending (1.20°) and a marginal increase from 0.54° to 0.56° for axial rotation was reported 
upon ADR. Our data is lower than that reported by Demetropoulos et al 2010 for the lateral 
bending and axial rotation for L3L4 and all anatomical rotations for L4L5. One possible 
explanation is that we used a higher follower preload of 280N, a longer spine segment (L2-
S1) and measured facet rotation which could have increased the stiffness of the segment 
compared to 200N follower preload and L3-L5 spine segment. 
It appears that our study showed an increase in stiffness (decrease rotation) during extension 
and decrease stiffness (increase rotation) during flexion, lateral bending and axial rotation at 
the implanted level of the facet joint while at the adjacent level, an increase in stiffness during 
flexion and decrease stiffness during extension and axial rotation with no change during 
lateral bending. Relatively similar trend for most of the facet range of motion studied 
compared to the results reported by Demetropoulos CK et al 2010 can be observed. After 
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implantation with the artificial disc, one can imply that there is a mirror stiffness effect for 
flexion and extension at the implanted and adjacent level while a decrease in stiffness for the 
remaining rotations irrespective of the levels. In addition, the maximum change in the facet 
rotation from both studies irrespective of the motion is about less than 1° before and after 
implantation, which may appear insignificant compared to absolute facet angulation.  
Marc-Antoine Rousseau et al 2006 investigated the facet force in 12 Cadaveric FSU 
Spines before implantation and after implantion with Prodisc II and reported that a statistical 
significant decrease by 27% in facet force from 48.9±4 N to 35.7±4 N was observed in 
extension upon Posterior Total Disc Replacement compared to the intact model. A similar 
trend was observed in our study where a marginal decrease by about 37% at the implanted 
level (L4L5) was registered during extension from 19N to 12N  when the artificial disc was 
positioned posteriorly. In other words, unloading of the facet joint at the implanted level 
resulted upon ADR. For Lateral Bending, no significant difference was observed by their 
study (about 10-20N) as well as our study (21N). Our data is slightly lower than that reported 
by Marc-Antoine Rousseau et al 2006 for the facet force during extension at L4L5. One 
possible explanation is that our study used a longer spine segment (L2-S1) compared to L5-
S1 FSU segment and the use of the follower load possibly accounting for an overall lower 
force range, the facet joint experiences a lower contact force which can in turn be associated 
to a lower pain in the clinical perspective. In addition, by having a decrease in the force upon 
implantation compared to the intact condition, it also reinforces the concept that ADR may 
relieve to some extent the force and pain from the facet joint during extension. 
Comparing against the FEM studies   
Thomas Zander et al 2009 reported that at the implanted level (L4L5) of an L1-L5 
Finite Element Modeling, a significant decrease of about 40% in intersegment rotation during 
flexion was observed when the prodisc was implanted compared to the intact model. On the 
other hand, a significant increase in intersegment rotation was observed during extension, 
lateral bending and axial rotation at the implanted level L4L5.  It is important to note that the 
position of the implant was not specified by the author but we will assume that the disc is 
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placed posteriorly for comparison with our data. Our findings showed a decrease in the 
intersegment angle during extension (11-32%) and flexion (20%) instead while the same 
trend was observed during lateral bending (14-54%) and axial rotation (10-31%) at the 
implanted level (L4L5). For the adjacent level (L3L4), they reported a significant decrease (5-
34%) in the intersegment rotation across all anatomical axes namely flexion, lateral bending 
and axial rotation while a slight increase was reported for extension (7%). Our study only 
found out that a similar marginal decrease in the rotation was observed during flexion, lateral 
bending and axial rotation (1-21%) while a marginal increase during extension (23%) when 
compared to their findings upon ADR. Overall, at the implanted level, an increase in stiffness 
in flexion and decrease in stiffness for extension, lateral bending and axial rotation were 
reported in their study with the adjacent level experiencing a mirror effect relatively similar to 
the findings from our study. ADR may affect the mechanics of the facet joint based on 
angulation at the implanted level but overall, the repercussion of having disc replacement may 
yield positive results. 
Thomas Zander et al 2009 also investigated the facet force at the implanted level and 
reported a significant decrease (80%) in the facet force at the implanted level (L4L5) during 
extension while a significant increase was found during lateral bending (5 times) and axial 
rotation (50%) and no force was registered during flexion. Our findings showed the same 
trend at the implanted level (L4L5) whereby a significant decrease was observed during 
extension (33%) when comparing the prodisc model and the intact model and a significant 
increase in the facet force observed during lateral bending and axial rotation (20%). However, 
our findings registered a marginal change in facet force during flexion (13-37%). At the 
adjacent level (L3L4), they reported a significant increase in the facet force during extension 
(17%) and a decrease in lateral bending and axial rotation (50%) while our study observed a 
an opposite trend for extension (13%), flexion (33%) and lateral bending (50%) with only a 
significant similar decrease observed during axial rotation (18%). 
During extension, at the implanted level, the facet joint experiences lesser contact 
force and hence lesser pain in the clinical context upon ADR. However, in the other range of 
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motion, an increase in pain may be experienced at the joint level with higher force registered. 
However, our study showed lower intensity force range compared to their study which could 
imply an overall lesser stress/force on the facet joint at the implanted level. However, at the 
adjacent level, an increase in force translating to an increase in pain was reported for most 
range of motions (maximum of 50% more force compared to normal). 
Steven A. Rundell et al 2008 reported a very interesting finding that was observed in 
our study when they modeled their L3-L4 FEM with Prodisc-L inserted anteriorly and 
posteriorly and the ROM and facet force compared to the intact model. They reported an 
increase in ROM in all 3 anatomical axes (Flexion, Extension, Lateral Bending, and Axial 
Rotation) with highest in Posterior ADR during extension and axial rotation when compared 
to the intact. Posterior placement of the implant resulted in an increased ROM when 
compared with the anterior placement for all modes of loading with the exception of flexion. 
Our study showed a similar trend between posterior ADR and Anterior ADR. However, 
during flexion and extension, a marginal decrease relative to the intact group was observed 
upon ADR. 
For the facet force, they reported a significant decrease at the implanted level during 
extension upon posterior ADR while axial rotation, flexion and lateral bending showed a 
significant increase. Our study showed a similar trend to their findings except for extension 
and lateral bending where a decrease in the facet force was observed. When the disc was 
placed anteriorly, a significant decrease at the implanted level during lateral bending was 
observed while axial rotation, flexion and extension showed a significant increase. Our study 
showed a similar trend to their findings except for extension where a decrease in the facet 
force was observed. The focus on the facet force increasing during flexion is interesting and 
similar to our findings as this has not been reported in other previous studies. 
Overall, from the findings of our study and after comparison with relevant literatures, 
some similar trends can be observed for both the facet mobility/angulation and force data. 
However, there is also some disagreement for some of the data and we actually observed a 
lower range in our results for both mobility and force compared to published results. One 
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possible explanation is that our setup design and equipment were slightly different. For 
instance, we used a higher follower preload of 280N, a longer spine segment (L2-S1) which 
could have increased the stiffness of the segment. In addition, we used a 6 degrees of freedom 
spine testing machine to simulate the in-vivo physiological motion of the spine and this could 
have allowed for compensatory motion and hence the low range of angulation and force in 
our study. ADR may affect the mechanics of the facet joint based on angulation and force at 
the implanted level but overall, the repercussion of having disc replacement may yield 
positive results. 
Future works could include using the methodologies described in this study and 
applying them to more complex spinal studies like scoliosis, kyphosis model and possibly on 
longer spine segments or even the whole spine (C1 to S1). Cervical facet joints could also be 

















9.  CONCLUSION 
 
In short, posteriorly-positioned ADR at L4L5 resulted in the closest facet joint rotation and 
contact pressure approximation of the intact spine model. The adjacent level facet joint was 
likewise conserved after posterior ADR. Compensatory motion mechanism was observed 
which could imply the readjustment of the facet joints mechanics after ADR using the intact 
model as a yardstick. Hence, The findings from our study hence partially support our 
formulated hypothesis that the posteriorly-positioned ADR will restore the intact 
biomechanics of the spinal joints at both the index (L4L5) and adjacent level (L3L4) since an 
inverse relationship between the implanted and adjacent level was observed. The hypothesis 
could be reformulated based on the outcomes from this study as “posteriorly-positioned ADR 
will restore the intact facet biomechanics of the spinal joints at the index (L4L5) in terms of 
rotation (mobility) and contact pressure (pain) but unfortunately result in the worsening of the 
facet joint mechanics at the adjacent level (L3L4)”. 
 
9.1  LIMITATIONS & RECOMMENDATIONS 
 
1)  The first limitation of our study is the sample size where we could only get a maximum 
of 6 cadaveric lumbar spines which were radiographically sound and in good condition. 
If we could have more specimens maybe around 10, we could have increased the 
statistical computation and hence have a stronger statistical basis to explain in more 
details our findings. 
2)  Most of the cadaveric spines have been harvested from a relatively aged population 
(average of 60-70 years old) and the degree of osteoporosis in some cases is quite high. I 
would recommend that if better bone quality of the lumbar spines could be obtained, this will 
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APPENDIX 1: Detailed preliminary radiological analysis of the of the facet joint 
before and after ADR (Protocols & Results) 
 
PROTOCOL FOR MEASURING THE RANGE OF MOTION (ROM) & 























PROTOCOL FOR MEASURING INSTANTANEOUS CENTRE OF ROTATION (ICR) & 





















Summary of Radiographic Analysis 
The mean overall Range of Motion, ROM of all 3 groups (Normal, DDD and ADR) 
was similar however flexion after ADR was twice that of the others (Figure 62). There is 
consistency in all 3 groups for mean segmental L4L5 translation (Figure 63) but was greater 
by 5-23% in the ADR-group.  
 
Figure 61: The schematic protocol to define the intervertebral angulation for ROM, 




The mean Disc Height (Fig. 64) of the Normal and Degenerative Disc Disease 
(DDD)-groups were similar, whereas the Artificial Disc Replacement (ADR)-group was 
greater by at least 27% in all 3 positions namely Extension, Neutral and Flexion. 
The locus of the Instantaneous Centre of Rotation, ICRs (Figure 65) of the normal-group was 
located within the posterior third of the L4L5-disc while that of the DDD-group was 
scattered. In the ADR-group, the locus of ICRs on extension was along the posterior-superior 
edge of L5 while COR on flexion was along the anterior implant-bone interface at L5.  
 
Referring to Figure 66, in the DDD group, there is more facet distraction than in the 
normal group (about 15%) while distraction is less for ADR group compared to DDD group 
in the neutral position. In flexion, the distraction is maintained for both DDD & normal 
group. When going from flexion to neutral, there is an overall reduction in the distraction but 
















Figure 62: Range of Motion for all 3 
groups and the contribution of 













































Figure 63: The mean Anterior /Posterior and proximal/distal 








































Figure 64: The Mean Anterior and Posterior Intervertebral 
Disc Height for 3 groups is shown 


























































Figure 65: The Instantaneous Centre of Rotation for all 3 groups is shown 
DDD ADR 
Region where the ICR is concentrated on Flexion 
Region where the ICR is concentrated on Extension 
NORMAL 















































Figure 66: Mean Facet Joint 
Distraction (SA, SB & SC) during 
the range of motion investigated 
(Extension, Neutral and Flexion) 
for all 3 groups is shown 
VI 
 

































 Markers were placed on the superior and inferior pars to define the orthogonally 
oriented body fixed (e1 and e3) and reference axes (e1r and e3r) and hence the floating axis 
(e2). Consequently, from the relative orientation of these axes, the 3D-kinematics of the 
spinal interfacetal joint was calculated (Grood et al. 1983). Similarly, the JCS defining the 
interbody joint kinematics was derived using the same convention used for the interfacetal 
joint. 
 
Figure 67: JCS of the spinal facet joint defining the angulations and translations 

























































Figure 68: JCS of the spinal interbody joint defining the angulations 



















































For pure motion, the maximum relative angulations and translations errors during:  
A) Flexion/Extension [α], was -0.10% (SD 0.03), while the maximum relative error for 
the mediolateral [S1], anterior/posterior [S2] and caudal/cranial [S3] translations were 
both zero and 0.22 % (SD 0.07) respectively. 
Figure 69: Overall Labview visual representation of the 
implementation of the JCS 
 
 
Table 5: Summary of maximum percentage relative errors and 
their standard deviation indicated between parentheses of 
Interbody joint angulations and translations for both pure and 
coupled motions when comparing the mathematically-derived 
JCS and the FSU model. 
Relative Error, Δ (%) 
= (Derived JCS – FSU model) x 100 
 FSU model 
LEGEND: 
α – Flexion/Extension 
β – Lateral Bending 
γ – Axial Rotation 
S1 – Mediolateral Translation 
S2 – Anterior/Posterior Translation 
S3 – Caudal/Cranial Translation 
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B) Lateral Bending [β] was 0.10% (SD 0.04), while the maximum relative error for the 
mediolateral [S1], anterior/posterior [S2] and caudal/cranial [S3] translations were all 
zero respectively. 
C) Axial Rotation [φ] was -0.02% (SD 0.05), while the maximum relative error for the 
mediolateral [S1], caudal/cranial [S3] and anterior/posterior [S2] translations were 
both zero and 0.28% (SD 0.13) respectively. 
For coupled motion, the maximum relative angulations and translations errors during: 
A) Flexion/Extension & Lateral Bending [α/β] was 0.97% (SD 0.32), while the 
maximum relative error for the mediolateral [S1], anterior/posterior [S2] and 
caudal/cranial [S3] translations were both zero and -0.01% (SD 0.00) respectively. 
B) Lateral Bending & Axial Rotation [β/φ] was -0.23% (SD 0.08) while the maximum 
relative error for the mediolateral [S1], anterior/posterior [S2] and caudal/cranial [S3] 
translations were zero, -0.97% (SD 0.32) and -0.03% (SD 0.01) respectively. 
C) Flexion/Extension & Axial Rotation [α/φ] was -0.72% (SD 0.24), while the maximum 
relative error for the mediolateral [S1], anterior/posterior [S2] and caudal/cranial [S3] 













APPENDIX 3 - Checking the feasibility of the Vicon cameras capture and the 
Labview mathematical derivation using a sawbone model 
 
Once the SolidWorks® model as well as the mathematical derivations has been 
validated, a sawbone model incorporated with reflective markers was tested to check the 
feasibility of the vicon cameras capture (Fig. 70). The simulated pure physiological motion of 















The sawbone provide a good illustration of the reliability of the program, the actual 
cadaveric testing setup feasibility and the expected graphical trends that might be observed. 
The graphs plotted (Figure 71 as an illustration) for the sawbone model depicts the expected 
sinusoidal relationship during flexion/extension, Left/Right Lateral Bending and 
Clockwise/Anticlockwise Axial Rotation. It also indicates the dominant motion during all 3 
motions for both interbody and facet joints. One can also be observed that coupled motions 
are predominantly present during the simulated pure physiological motions and are to be 
expected in the actual cadaveric testing.   
Figure 70: Sawbone with Reflective Markers and Vicon 
































































Figure 71: Sawbone Relative L4L5 Interbody Joint angulation during “pure” 
Flexion/Extension & Lateral Bending 
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APPENDIX 4 - Detailed design and testing of follower preload system of jigs and 
fixtures to fit on the MTS 858 Mini Bionix II spine testing machine 
 

















This design 2 was chosen as: 
1. Easy to machine 
2. Small and independent of size of specimen. Hence, the holder can be mounted on 
different size lumbar spines 





Figure 72: Cable Holder Design with U 
& L–Bracket holder to guide the cable 
for design 1 & 2 respectively 
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Figure 73: Design of follower load 
guides that was fabricated on a lumbar 































































Follower load Bar 
 



















































































































































































Bottom Plate 1 
























































Figure 74: Detailed drawings of follower load attachment system, top and bottom 




Using dead weights and load cell respectively were among the transmission systems 
implemented and tested. A portable plate with pulleys attached at the ends and fixed loads 
hanged in the coronal plane provided the best design for the follower preload systems (L-
Bracket Holders and Force Transmission systems). 












The second set up design used a load cell due to the ease of mounting, force 
simulation mechanism and limited spacing occupied by the overall follower preload system. 
The cable is guided as shown above and connected to a load cell to monitor the force applied. 
However, this design impedes extension motion and a huge force is registered by the load cell 







Figure 75: Trial Setup 1 to 
simulate the force 
















A portable fixture was designed and fabricated to ease the mounting time and effort 
on both the spine tester and MTS machine to simulate the flexion/extension, lateral bending 
and axial rotation respectively. However, excessive force was subjected to the lumbar spine 













Figure 76: Trial Setup 2 to simulate the force 
transmission system to the spine 
Figure 77: Trial Setup 3 
to simulate the force 
















 This final setup has a hydraulic piston at the bottom of the base to simulate the physiological 
loading on the spine and maintained a constant loading mechanism. In addition, the base of 
the system is equipped with a passive x-y table which prevent unwanted shear forces from 













Figure 78: Finalized Setup 4 to simulate the force 
transmission system to the spine 
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This ratio {[(A/2)-B] / A} was classified into one of three groups as follows: 
Group 1, the midline position for a ratio less than 0.025; 
Group 2, off the midline position for a ratio between 0.025 and 0.05; 
Group 3, far off the midline position for a ratio greater than 0.05 
APPENDIX 5 – Positioning Protocol of Prodisc inside Vertebrae during Artificial 










CLASSIFYING POSITION OF PRODISC IN FRONTRAL PLANE     














































radiograph to classify 
the position of the 








































The protocol from the above paper was adapted and modified to suit our purpose. 
NOTE: 
1) ANTERIOR : B/A > 0.2
2) MIDDLE : B/A= 0.1 - 0.2







Figure 80: Lateral 
measurement 
from radiograph to 
classify the 
position of the 




IMPLANT POSITION SPINE 1 SPINE 2
ANT ADR MIDDLE ADR POST ADR ANT ADR MIDDLE ADR POST ADR
A 487.67 490.31 510.39 519.98 500.33 529.37
B 119.9 51.5 22.14 122.69 66.42 18.42
B/A 0.25 0.11 0.04 0.24 0.13 0.03  
SPINE 3 SPINE 4 SPINE 5
ANT ADR MIDDLE ADR POST ADR ANT ADR MIDDLE ADR POST ADR ANT ADR MIDDLE ADR POST ADR
451.5 463.55 434.59 436.65 431.91 490.23 460.45 497.22 455.96
107.16 55.57 21.1 186.98 122.35 50.41 137.69 73.34 30.4
0.24 0.12 0.05 0.43 0.28 0.10 0.30 0.15 0.07  
SPINE 6
ANT ADR MIDDLE ADR POST ADR
510.81 461.39 480.2
166.85 80.84 43.2




































ANT ADR MIDDLE ADR POST ADR
MEAN B/A 0.30 0.16 0.06
SE 0.03 0.03 0.01
These ratios were classified according to one of six groups for statistical analysis 
according to every 0.05 increase in this ratio,  
From the baseline ratio of less than 0.05 in Group 1, with very far posterior 
placement,  
To greater than 0.25 in Group 6, with excessive anterior placement of the 
prosthesis 
Table 6: Results of the implant position for all 6 spines 
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APPENDIX 6 – Detailed Sensor Accuracy Test 
 
To evaluate the accuracy of the Tekscan sensor on the facet load measurements, the 
Tekscan measurements were compared to known loads applied on porcine facet joint 
specimens. On the other hand, a different loading method was adopted to allow a better 
control over the loading angle between the facet joint and the loading direction of the Instron 
machine. This is to accommodate the characteristics of the Tekscan sensor since it is designed 
to measure only forces normal to surface of the sensor. 
Specimen Preparation and Test Protocol 
 
Four pairs of porcine facet joints were separately harvested, dissected and trimmed 
with the capsular ligaments and capsule removed. Each of the superior and inferior facet 
joints was separately potted in dental PMMA so that both the superior and inferior joints can 
meet each other at a relatively flat surface to allow the facet joint to be loaded perpendicularly 












After potting was completed, the sensor was then inserted in between the potted joints 
for conditioning and calibration before the commencement of the accuracy test. The setup 
was mounted on an Instron testing machine where perpendicular known forces of 25, 50, 75 
Figure 81: Specimen Preparation of Porcine Facet Joints: Dissection 
followed by potting specimen in dental PMMA 
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and 100N for a maximum expected load of 100N were applied, while another set of 
perpendicular known forces of 40, 80, 120, 160 and 200N were also applied for a maximum 
expected load of 200N.  
 Intermediate rests of two minutes between loadings were adopted to allow 
viscoelastic recovery of the articular cartilage. The force from the machine (known applied 
force) was then compared with the calibrated force measurements for both Linear and 2-Point 
Calibration and the respective Force Measurement Errors (Eforce) were computed for each case 
using the following formula: 
Accuracy, repeatability and reliability test of the sensor 








 where FIscan is the I-Scan measurement of force and 
Floadcell is the Instron load cell measurement of force. 
 
In short, accuracy test is important in order to ensure that the force output from the 
sensor after calibration is reliable. This was done by analyzing the force measurement error 
relative to an Instron force measuring machine and the interface material and calibration 
methods yielding the lower error would be considered as the more accurate method. 


































The aim of these experiments were to compare the actual experimental results 
obtained with previously published results as well as to test out the performance of the new 
experimental protocol. Note that there were no entries for 75N under the section of Wilson et 
al as the team investigated only forces of 25, 50 and 100N.  A force of 75N was included in 
the author’s experiments to enable a more complete study on the behavior of the sensor at a 
maximum expected load of 100N. Shinetsu KE 1300T transparent silicone rubber was not 
included in the study as it was not available in the laboratory. In addition, the Direct 
Calibration method (Direct Porcine) was also investigated. The Direct Calibration method 
gave a rather significant Force Measurement Error which was not expected for the Direct 
Calibration method. 
 
Figure 82: Accuracy Test - Graph of Absolute Force Measurement Error 
vs. Known Applied Forces for a Maximum Expected Load of 100N 
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 For White RTV Silicone Sealant (Silicone Rubber in chart), the sensor overestimated 
the applied force for the Linear Calibration by 5.20±4% for 25N while underestimated the 
applied force by 8.07±12%, 12.62±6% and 18.40±2% for 50, 75 and 100N respectively.  For 
the 2-Point calibration, the sensor overestimated the applied force by 8.80±4% for 25N while 
underestimated the applied force by 4.20±9%, 8.27±7% and 13.97±3% for 50, 75 and 100N 
respectively (Figure 83).  















The aim of these experiments was to study the accuracy of the sensor for the range of 
forces at a maximum expected load of 200N which was reported to simulate the facet joint 
forces upon ADR. Known applied forces of 40, 80, 120, 160 and 200N were chosen for a 
wide range in the study as there was no relevant publication pertaining to the investigation of 
facet joints at a maximum expected load of 200N with the use of the Tekscan sensor. The 
Direct Calibration method (Direct Porcine) was also included and it gave a rather significant 
Force Measurement Error which was not expected. The 2-Point Calibration method produced 
Figure 83: Accuracy Test - Graph of Absolute Force Measurement Error 








Effect of Sensor Sensitivity on Performance 
 
To determine the effect of sensor sensitivity on sensor performance, experiments 
were performed with two different sets of sensitivity: Default and Mid 1 (a sensitivity level 
higher than Default). Note that sensor sensitivity was set to Default for all other experiments. 
The maximum expected load of 200N was investigated in this series of experiments because 
of its relevance to the range of forces of interest. It is speculated that a higher sensitivity 
would register higher accuracy as the sensor is able to capture more loading information at 
higher sensitivity. The higher sensitivity levels were not investigated as the sensels were 











The results illustrated in Figure 84 showed an average absolute difference of 4.78% 
for Linear Calibration and an average difference of 4.16% for 2-Point Calibration in the Force 
Measurement Errors between two sensitivities (Default and Mid 1) tested. The effect of 
sensor sensitivity on sensor performance was not significant (<5%) for the range of forces 
studied. 
Figure 84: Sensitivity Test - Graph of Absolute Force Measurement Error vs. 
Known Applied Forces for a Maximum Expected Load of 200N 
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Effect of Drift on Sensor Performance  
 
The effect of drift on the Tekscan sensor during loading was also investigated from 
the randomly selected results of the above mentioned experiments. The maximum and 
minimum raw sum values were determined manually by observing each frame and the range 
of fluctuation was found out.  Percentage fluctuation was determined by expressing the 
amplitude of the fluctuation as a percentage of the mean raw sum value. Ten sets of readings 
for a particular loading were computed and plotted on a graph to investigate the drift effect on 
the sensor. A total of three different loadings were included in this computation. 
 
The results from Figure 85 indicated that the sensor demonstrated a drift effect of 
±(9.20±2), ±(8.25±3) and ±(7.50±2) raw sum value units for 120, 160 and 200N respectively. 
Their %fluctuations are 0.35%, 0.26% and 0.19% respectively. The average fluctuation is 

















Figure 85: Drift Test - Graph of Absolute Fluctuation in the Measurements 
of Raw Sum Values vs. Known Applied Forces for a Maximum Expected 
Load of 200N 
GRAPH OF ABSOLUTE FLUCTUATION vs 

















To assess the repeatability of the Tekscan sensor, interval loadings of constant known 
uniaxial compressive loads of 40, 80, 120, 160 and 200N were applied on the porcine facet 
joints. The specimens studied were the porcine facet joints which had been used for the 
accuracy testing earlier on. The sensors were removed and recalibrated after each interval 
testing. Each interval testing was about 30 minutes and the specimens were allowed to rest for 
an hour before the next testing for viscoelasticity recovery of the articular cartilage and were 
hydrated before every interval loading. A total of three readings were taken for a particular 
specimen at 0 hrs, 1.5hrs and 3 hrs respectively. Sensor repeatability was evaluated by 
calculating the standard deviation as a percentage of the mean for the resultant forces 
recorded. Results from using the Linear Calibration and the 2-Point Calibration were 



















The intent of these experiments was to determine the reliability and repeatability of 
the Tekscan sensor. The repeatability of the force measurements was not affected 
significantly by the type of calibration in use. Although it seemed that the results were more 
repeatable at higher applied forces using the Linear Calibration, both calibration methods 
produced comparable Standard Deviation (% of Average Force Applied) when an average 
was taken for each of them as shown in Table below. Difference in repeatability between 
them was not significant (~0.4%). 
The results of the repeatability test obtained (5.8-6.2%) were comparable to the 
values of 3.0-7.1% reported for the measurements with a larger Tekscan sensor in the 
patellofemoral joint and also values of 3-5% reported from the previously published results 
for measurements with the same Tekscan sensor on human cadaveric facet joints. The 
difference in the repeatability of the sensor between the Linear Calibration method and the 2-
Point Calibration method was not considerable (~0.4%). Thus, it seemed to suggest that 
repeatability of I-Scan system with Tekscan 6900 sensor is consistent for different 
compressive loads. 
Figure 86: Repeatability test - % variation in the measurement of the 
average forces for both LC & 2-Pt Calibrations for the Known Applied 
Forces up to a maximum Expected Load of 200N 
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One important phenomenon to take note was that the sensor was usually damaged 
upon repeated loadings on the porcine facet joints. This was mainly due to the curvature of 
the porcine facet joints which deformed and distorted the sensor during compressive loadings. 
As one single sensor was used in the investigation of the sensor repeatability, the accuracy of 
the sensor might be affected if the sensor was damaged during the previous measurement. 




The calibrated sensor was inserted into the L3L4 and L4L5 facet joints of an L2S1 human 
cadaveric test model and the latter mounted on an MTS machine to simulate ±10Nm 
flexion/extension, right/left lateral bending and clockwise/anticlockwise axial rotation with a 
follower preload of 300N (Figure 87). The sensor was recalibrated after each test following 












The raw values from each sensor were recorded and the equilibration, linear and 2-
point calibration files were loaded into the recorded Tekscan movie files. The average force 
Figure 87: Setup the reliability of the sensor on a 
spine test model with the sensor inserted into the 
facet joints and using the software to monitor the 




for each of the 4 branches of the sensor was individually computed and analyzed for the range 

























The range of facet forces measured using the Tekscan Sensor for the range of motions 
investigated at both L3L4 and L4L5 are illustrated in Figure 88 & 89 respectively. The 
E – Extension  F- Flexion 
RLB & LLB – Right & Left Lateral Bending 
CAR & AAR – Clockwise & Anticlockwise Axial Rotation 
Figure 88: The range of facet forces measured using the Tekscan 
Sensor for the range of motions investigated at L3L4  



















Linear Calibration 2pt Calibration
Figure 89: The range of facet forces measured using the Tekscan 
Sensor for the range of motions investigated at L4L5  



















Linear Calibration 2pt Calibration
XXXV 
 
average facet force ranged from 0N during flexion to 159N and 161.9N during anticlockwise 
axial rotation for both linear and 2-point calibration at L3L4 and L4L5 levels respectively. 
The minimum average difference in the facet force was 1N and 0.10N for extension while the 












































APPENDIX 7: Detailed Statistical Analysis of the Data using SPSS 























































SPECIMEN_NO LEVEL_GROUP INTACT ANT ADR MIDDLE ADR POST ADR SPECIMEN_NO LEVEL_GROUP INTACT ANT ADR MIDDLE ADR POST ADR
1 34 0.162519 0.287682 0.65392647 0.7339692 1 34 0.751416 0.620576 0.548121409 0.3220835
1 45 0.274437 0.527633 1.10866262 0.2231436 1 45 0.765468 0 2.995732274 0.8372475
2 34 0.019803 0 0.19845094 0.1508229 2 34 1.071584 0.703098 0.90825856 0.9477894
2 45 0.527633 0.34249 0.43078292 0 2 45 0.970779 1.609438 0.693147181 0.463734
3 34 0.261365 0 0.28768207 0.1984509 3 34 0.579818 0.994252 0.430782916 0.0943107
3 45 1.139434 0.562119 0.91629073 1.2378744 3 45 0.235722 0.072571 0.287682072 0.1655144
4 34 0.667829 0.378436 0.43178242 0.4762342 4 34 1.054312 0.982078 0.970778917 0.4946962
4 45 1.832581 1.89712 1.71479843 0.3424903 4 45 1.560648 1.609438 0.131028262 1.4350845
5 34 0.061875 0.162519 0.46203546 0.4780358 5 34 0.802002 0.693147 0.708035793 0.65752
5 45 0.462035 0.314711 0.30110509 0.14842 5 45 0.57098 1.832581 1.609437912 0.2744368
6 34 0.301105 0.18633 0.15082289 0.1863296 6 34 0.444686 0.662688 0.570979547 0.6151856
6 45 0.916291 0.820981 1.02165125 0.7765288 6 45 0.672944 1.049822 1.609437912 0.6348783
FLEXION FLEXION
FORCE ROTATION
SPECIMEN_NO LEVEL_GROUP INTACT ANT ADR MIDDLE ADR POST ADR SPECIMEN_NO LEVEL_GROUP INTACT ANT ADR MIDDLE ADR POST ADR
1 34 0 0 0 0 1 34 1.415853 1.504077 1.398716881 0.210721
1 45 0 4.6611724 4.386392092 4.3483406 1 45 1.545433 1.902108 2.090628731 2.0906287
2 34 0 3.9617651 0 1.0788097 2 34 1.638997 1.543298 1.975468951 1.258461
2 45 0 1.7867469 0 0 2 45 2.005526 2.112635 2.200552367 1.9487632
3 34 0 0 0 0 3 34 1.311032 1.033184 0.887891257 1.088562
3 45 2.526528 0 1.337629189 1.8718022 3 45 1.266948 1.147402 1.583093937 1.0577903
4 34 1.469676 0 0 1.469676 4 34 1.444563 1.363537 1.371180723 1.7664417
4 45 0 1.469676 1.46967597 0 4 45 1.497388 1.728109 1.371180723 0.5108256
5 34 2.151762 0 2.32238772 1.7047481 5 34 1.94591 1.638997 1.269760545 1.7833912
5 45 0 2.8094027 2.912350665 0 5 45 1.319086 1.754404 1.726331664 0.4574248
6 34 1.481605 1.3862944 0.510825624 2.0918641 6 34 1.99606 2.344686 2.490723035 2.2481289
6 45 2.415914 4.1271344 3.931825633 4.5250441 6 45 2.535283 0.223144 2.45530618 2.7700856
FLEXION FLEXION
PRESSURE TRANSLATION
SPECIMEN_NO LEVEL_GROUP INTACT ANT ADR MIDDLE ADR POST ADR SPECIMEN_NO LEVEL_GROUP INTACT ANT ADR MIDDLE ADR POST ADR
1 34 0 1.560648 0 0 1 34 1.335001 1.467874 1.252762968 0.8712934
1 45 0 0.270027 0.03922071 0.1392621 1 45 1.61542 2.156403 2.351375257 2.1270405
2 34 0 0.094311 0 1.5606477 2 34 1.358409 1.4884 1.515127233 1.4327007
2 45 0 1.272966 0 0 2 45 2.128232 2.458734 2.396075436 1.7783364
3 34 0 0 0 0 3 34 0.779325 0.673345 0.500775288 0.5877867
3 45 1.171183 0 0.75502258 1.2378744 3 45 1.398717 1.329724 1.313723668 1.0750024
4 34 1.966113 0 0 1.9661129 4 34 1.517323 1.415853 1.451613827 1.5602477
4 45 0 1.89712 1.89711998 0 4 45 1.921325 1.642873 1.499623046 0.8153648
5 34 1.386294 0 1.34707365 1.6607312 5 34 2.020222 1.854734 1.788420568 1.899118
5 45 0 0.84397 0.65392647 0 5 45 1.756132 0.083382 1.091923301 0.2311117
6 34 1.660731 1.714798 2.04022083 1.5606477 6 34 2.505526 2.450143 2.453587967 2.4353662




























































SPECIMEN_NO LEVEL_GROUP INTACT ANT ADR MIDDLE ADR POST ADR SPECIMEN_NO LEVEL_GROUP INTACT ANT ADR MIDDLE ADR POST ADR
1 34 3.607669 3.4061849 2.360854001 1.6134299 1 34 0.941409 0.923597 0.912355285 0.9421465
1 45 4.018543 4.3556827 4.251348311 4.2701169 1 45 1.038908 1.206652 1.154313403 1.2269401
2 34 3.790759 3.5085559 0 0.3011051 2 34 1.539717 1.371866 1.504037889 1.5922333
2 45 2.752386 2.1994443 3.086486637 0 2 45 0.878929 1.535322 0.972154434 0.9152496
3 34 1.278152 0 1.699278616 0.076961 3 34 1.575812 0.705542 1.470572042 1.438874
3 45 2.498152 3.5455863 2.722610352 2.3035846 3 45 0.691695 1.603442 1.215858411 1.1378638
4 34 2.818995 3.1709453 3.170945291 2.912894 4 34 0.796756 0.744177 0.833777933 0.9233053
4 45 3.008648 4.1031391 3.64805746 4.1955464 4 45 1.486702 1.675305 1.580930465 1.5215655
5 34 4.447346 4.6802777 4.6121458 4.5580786 5 34 0.792163 0.779409 0.864356584 0.8175723
5 45 3.030134 4.3412046 4.146304301 4.1759245 5 45 0.620186 0.838062 0.802202635 0.2882115
6 34 3.411148 3.9019727 4.094344562 3.8774316 6 34 1.5739 1.640125 1.576538922 1.5945711
6 45 4.603168 4.5031375 4.736198448 4.6876714 6 45 1.150041 1.58691 1.616235495 1.5370637
LB LB
PRESSURE TRANSLATION
SPECIMEN_NO LEVEL_GROUP INTACT ANT ADR MIDDLE ADR POST ADR SPECIMEN_NO LEVEL_GROUP INTACT ANT ADR MIDDLE ADR POST ADR
1 34 0.446287 0.653926 1.10866262 1.4271164 1 34 0.210275 0.206685 0.045717103 0.143841
1 45 0.248461 0.741937 0.77932488 0.7030975 1 45 0.556018 0.859893 2.055436932 1.3317992
2 34 0.116534 0.301105 0 1.89712 2 34 0.743364 2.627444 0.667079303 0.8613833
2 45 0.867501 0.336472 0.34249031 0 2 45 0.288038 2.720125 1.260358051 0.3658067
3 34 1.139434 0 1.27296568 1.0788097 3 34 0.924613 0.235639 0.848834273 0.9045541
3 45 1.108663 0.231112 0.31471074 1.171183 3 45 0.626539 1.182273 1.226282113 1.0278049
4 34 0.867501 0.562119 0.56211892 0.8675006 4 34 0.223048 0.365414 0.197370572 0.6019864
4 45 0.105361 0.444686 0.33647224 0.5423243 4 45 0.530854 0.482896 0.462129451 0.5778854
5 34 0.00995 0.19062 0.10436002 0.0676586 5 34 0.749844 0.522684 0.997550197 0.5349167
5 45 0.820981 0.150823 0.09431068 0.0198026 5 45 0.442519 0.483792 0.563043133 0.8204643
6 34 0.867501 0.430783 0.4780358 0.5276327 6 34 1.612505 0.895646 0.829642859 1.9088562
6 45 0.215111 0.392042 0.41210965 0.3506569 6 45 0.615405 0.693584 0.708678443 0.6890303
AR AR
FORCE ROTATION
SPECIMEN_NO LEVEL_GROUP INTACT ANT ADR MIDDLE ADR POST ADR SPECIMEN_NO LEVEL_GROUP INTACT ANT ADR MIDDLE ADR POST ADR
1 34 4.956953 5.0153575 1.368639426 3.4506223 1 34 0.265843 0.275824 0.204736565 0.4528979
1 45 5.114395 5.2352711 5.167980865 5.3359503 1 45 0.407518 0.135967 0.406574986 0.283962
2 34 4.860665 4.8242254 4.964940335 4.9993047 2 34 0.703955 1.025984 0.626838418 0.9162907
2 45 4.804185 4.9687016 5.09184655 4.4924493 2 45 0.830911 1.082937 0.807451476 1.0941928
3 34 2.443216 0.8712934 2.152924318 2.3721112 3 34 0.452271 0.360273 0.307051987 0.6456483
3 45 4.665512 4.5028052 4.820281566 4.9715479 3 45 1.119237 1.122372 1.155246869 1.3479888
4 34 5.077297 4.9732795 4.971686544 4.904682 4 34 0.824166 0.153913 0.738250315 0.3424567
4 45 4.569957 4.5009202 4.707907263 4.7929767 4 45 0.282817 0.431255 0.339770764 0.8135898
5 34 5.13049 5.0549711 4.960744524 4.95864 5 34 0.712445 0.523143 0.679512967 0.4802495
5 45 4.919981 4.9746626 4.837075243 4.8865826 5 45 0.108404 0.253872 0.469640125 0.5650515
6 34 4.876723 4.391977 4.999911331 4.9104466 6 34 0.314144 0.772418 0.817289602 0.339169
6 45 4.799091 3.8794998 3.561046083 3.2580965 6 45 0.551651 0.94 0.731627701 0.8273777
AR AR
PRESSURE TRANSLATION
SPECIMEN_NO LEVEL_GROUP INTACT ANT ADR MIDDLE ADR POST ADR SPECIMEN_NO LEVEL_GROUP INTACT ANT ADR MIDDLE ADR POST ADR
1 34 0.631272 0.512824 1.04982212 0.1165338 1 34 0.685801 0.436616 0.442153843 1.0693835
1 45 0.631272 0.553885 0.59332685 0.7793249 1 45 1.442991 1.639048 1.713257595 0.6189372
2 34 0.746688 0.737164 0.41210965 0.4762342 2 34 2.025643 0.851464 0.315452436 0.7851086
2 45 0.300105 0.463734 0.53649337 0.6151856 2 45 1.079242 0.277594 0.880130401 1.5995366
3 34 0.798508 1.560648 0.82098055 0.8675006 3 34 0.193141 0.654482 0.425269677 0.4356112
3 45 0.127833 0.625938 0.47000363 0.3364722 3 45 0.308093 0.843199 0.573941669 0.45528
4 34 0.770108 0.431782 0.47000363 0.4187103 4 34 0.545322 0.177838 0.503009751 0.849525
4 45 0.223144 0.494696 0.64710324 0.4446858 4 45 0.478755 0.50776 0.58469068 0.6233964
5 34 0.802002 0.751416 0.80647587 0.7323679 5 34 0.371454 0.24429 0.523659497 1.095128
5 45 0.254642 0.405465 0.5068176 0.5877867 5 45 0.41414 1.561783 0.825911814 0.6659031
6 34 0.223144 0.086178 0.16551444 0.1397619 6 34 1.116796 1.210513 0.926239102 0.5848149
6 45 0.405465 0.364643 0.21511138 0.2311117 6 45 0.848865 0.097078 0.759490401 0.9015295
Table 7: Data Preparation and compilation (Log 




LATERAL BENDING FACET FORCE STATISTICS AT L3L4 AS AN ILLUSTRATION 







































































































































































Facet Force (Quartile Descriptive Data & Friedman Test at L3L4) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
